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CHAPTER  L 
SIMPLE    TESTING. 

1.  In  order  to  be  able  to  make  measurements  of  any  kind,  it 
is  necessary  to  have  certain  standard  units  with  which  to  make 
comparisons.  For  example,  in  the  case  of  length,  or  weight,  we 
have  as  standards  the  foot  and  the  pound.  Some  of  the  units  are 
dependent  upon  two  of  the  other  units ;  the  unit  of  "  work,"  for 
example,  is  the  foot-poimd,  or  the  work  done  in  raising  a  pound 
one  foot  high.  Kow  in  electrical  measurements  we  require  units  of 
a  like  character.  Those  with  which  we  have  to  deal  chiefly  are 
electromotive  force^  the  unit  of  which  is  called  the  w>lt ;  resistance^ 
the  unit  of  which  is  the  ohm ;  and  capacitffy  the  unit  of  which  is 
the  farad ;  also  we  have  the  unit  of  current^  which  is  dependent 
upon  the  volt  and  the  ohm,  and  is  called  the  ampere,* 

Certain  of  these  units  are  too  large  for  practical  use,  and  sub- 
multiples  of  them  are  employed ;  thus  for  pr<ictical  purposes  the 
microfarady  that  is  the  one-millionth  part  of  a  farad,  is  the  sub- 
multiple  used  as  a  standard.  For  electric  light  and  electric  power 
purposes,  the  ampere  is  a  practical  standard  of  current;  but  for 
telegraphic  work  the  miUiampere^  that  is  the  one-thousandth  part 
of  an  ampere,  is  more  convenient,  and  is  therefore  generally  em- 
ployed. 

2.  If  the  two  poles  of  a  battery  be  joined  by  a  conductor  a 
current  will  flow,  and  the  strength  of  this  current  will  vary 
directly  as  the  electromotive  force  of  the  battery,  and  inversely 
as  the  total  resistance  in  the  circuit.     This  relation  is  known  as 

*  The  value  of  these  units  is  giren  in  the  Appendix. 

B 


Di^zed  by  Google 


2  HANDBOOK  OF  ELECTRICAL  TESTING. 

'*  Ohm's  law.".    If  the  electromotive  force  is  expressed  in  volts 

and  the  resistance  in  ohms^  then  the  resulting  current  will  be 

in  amperes. 

3.  Suppose  now  a  battery  of  a  resistance  r  and  electromotive 

force  E,  a  galvanometer  of  a  resistance  G,  and  a  wire  of  a  resist- 
ance p,  be  joined  up  in  circuit,  as  shown 
by  Fig.  1.  By  the  foregoing  law,  the 
strength  of  current  C,  which  will  flow 
out  of  the  battery  and  through  the  gal- 
vanometer, will  be 

^-  P  +  r  +  Q' 

The  current,  in  flowing  through  the 
galvanometer,  produces  a  deflection  of  its 
needle,  which  deflection  will  remain  con- 
stant provided  the  electromotive  force  of 
FiQ.  1.  the  battery  and  also  the  resistances  re- 

main constant.  If  now  p  be  a  wire  whose 
resistance  we  require  to  find,  and  which  we  can  replace  by  another 
wiie  the  value  of  whose  resistance  can  be  varied  at  pleasure,  then 
by  adjusting  this  latter  so  that  the  deflection  of  the  galvanometer 
needle  becomes  the  same  as  it  was  before  the  change  of  resist- 
ances was  made,  this  resistance  gives  the  value  of  our  unknown 
resistance  pi 

This  method  of  testing,  known  as  the  mib$tituti<m  method, 

although  exceedingly  simple,  is  a  very  good  and  accurate  one  if  a 

little  ordinary  care  be  taken  in  making  it.     Its  correctneus  is  only 

limited  by  the  sensibility  of  the  galvanometer  to  small  changes  of 

strength  in  the  current  aflfecting  it,  and  by  the  accuracy  with 

which  the  variable  resistance  can  be  adjusted. 

>        It  should  be  mentioned,  however,  that  for  reasons  which  will 

'  become  obvious  when  the  subject  of  testing  is  gone  further  into, 

I  the  resistance  of  the  battery  and  galvanometer  used  in  making  a 

1  test  of  the  kind  should  be  small  compared  with  the  resistance 

'  being  measured. 

4.  Next,  suppose  the  galvanometer  to  have  its  scale  so  gradu- 
ated that  the  number  of  divisions  on  it  will,  by  the  deflection  of 
the  needle,  accurately  reprcst-nt  the  comparative  strength  (C)  of 
currents  which  may  pass  through  it.  Let  the  battery,  galvano- 
meter and  resistance  be  joined  up  as  at  first,  then,  as  before 
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Now  remove  p,  and  insert  any  other  known  resistance  B,  in  its 
place.     Calling  the  new  strength  of  current,  Ci,  then 

But  we  have  seen  that  B  =  C  (p  -f"  **  +  ^)>  therefore 
C(p  +  r  +  G)  =  C,(R  +  r  +  G), 


or 


that  is. 


p  +  r  +  G  =  ^(B  +  »-  +  G), 
P  =  §(R  +  r  +  G)-(r  +  G).  [1] 


Now,  as  we  have  supposed  the  deflections  of  the  galvanometer 
needle  to  be  directlj  proportional  to  the  strengths  of  current  which 
produce  them,  we  may,  instead  of  C  and  Ci,  write  in  our  formulae 
the  deflections  of  the  galvanometer  needle  which  those  strengths 
produce.  Calling,  then,  a  the  deflection  obtained  with  the  strength 
C,  and  Ox  that  with  the  strength  Ci,  our  formula  [1]  becomes 

p  =  ^(R  +  r  +  G)-(r  +  G).  [2] 

In  order  to  find  p^  it  is  necessary  to  know  G,  which  is  usually 
marked  on  the  galvanometer  by  the  manufacturer,  r  also  must 
be  known,  but  a«  it  is  difficult  to  determine  its  value  accurately, 
it  is  best  to  use  a  battery  whose  resistance  is  very  small  in  com- 
parison with  the  other  resistances  in  the  circuit,  and  which  may 
consequently  be  neglected  ;  in  this  case  we  may  write  our  formula 


p  =  ^(R  +  G)-G.  [3] 


Having  then  obtained  a  with  p  and  a^  with  B,  we  can  find  the 
value  of  p. 

Far  eocample. 

With  a  galvanometer  whose  resistance  was  100  ohms,  and  a 
battery  whose  resistance  could  be  neglected,  we  obtained  with  an 
unknown  resistance  p  a  deflection  of  30  divisions  (a),  and  with 
a  resistance  of  320  ohms  (B)  in  place  of  p,  a  deflection  of  20  divi- 
sions (a|).    What  was  the  unknown  re^^istance  p? 

20 
p  =  --  (320  +  100)  -  100  =  180  ohms. 
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4  HANDBOOK  OF  ELECTRICAL  TESTING. 

5.  Next,  Bnppose  it  is  required  to  find  the  resisfanoe  of  a 
galyanometer. 

From  equation  [8],  by  multiplying  np,  we  find  that 

pa  =  Bai +Ga^  —  Go, 
by  arranging  the  quantities  and  changing  signs  we  get 

Oa  —  Ga|  =  Bai  —  pa, 
or 

G  (a  —  aj)  =  B  a^  —  p  a ; 
therefore 

G  =  Ba^JlPii.  [4] 

a  —  ttj 

If,  then,  with  a  known  resistance  p,  we  obtain  a  deflection  of 
a  divisions,  and  with  another  known  resistance  B  we  obtain  a 
deflection  of  a^  divisions,  we  can  determine  G. 

For  example. 

With  a  galvanometer  (G)  and  a  battery  whose  resistance  conld 
be  neglected,  we  obtained  with  a  resistance  of  200  ohms  (p)  a 
deflection  of  80  divisions  (a),  and  with  a  resistance  of  850  ohms 
(B)  a  deflection  of  20  divisions  (ai).  What  was  the  resistance  of 
the  galvanometer? 

Q^360X20-200X80^,QQ^,^^^^ 
30  -  20 

6.  Lastly,  when  the  resistance  of  onr  battery  is  considerable, 
and  it  is  required  to  find  its  value,  from  equation  [2]  (page  3)  by 
multiplying  up,  we  find 

pa=sBa|  +  rai  +  Ga|— ra  —  Go, 

by  arranging  the  quantities  and  changing  signs  we  get 

ra  —  roi  =s  Bo^  —  pa  +  Gaj  —  Go, 
or 

r  (a  —  ttj)  =  B  ttj  —  p  a  —  G  (a  —  aj), 
that  is 

r=?-?.l^^-^-G.  [6] 

a  —  Oj 

For  example. 

With  a  galvanometer  whose  resistance  was  100  ohms  (G),  and 
a  battery  (r),  we  obtained  with  a  resistance  in  circuit  of  150  ohms 
(p)  a  deflection  of  40  divisions  (a),  and  with  a  resistance  in  circuit 
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of  300  ohms  (B)  a  deflection  of  30  divisionB  (aj.    What  was  the 
resistanoe  of  tiie  battery  ? 

^  ^  800J<80-160XJ0  _  100  ^  200  ohmB. 
40  —  30 

7.  The  foregoing  formulaa  maybe  considerably  simplified  if  we 
so  adjust  our  resistances  that  one  deflection  becomes  half  the  other, 

or,  in  other  words,  if  we  make  a^  =  -.    Formula  [3]  (page  3)  for 

determining  any  resistance  then  becomes 


therefore 


or 


p  =  £(B  +  G).G  =  5^.G; 


2p  =  B  +  G-2G  =  B-G, 
B-G 


P  = 


2 


8.  Similarly  we  should  find  that  formula  [4]  (page  4)  for 
determining  the  resistance  of  a  galvanometer  becomes 

G=  B-2p; 

and  formula  [5]  (page  i)  for  determining  the  resistance  of  a 
battery, 

r  =  B-(2p  +  G); 

P  being  in  all  oases  the  resistance  which  gives  the  large  deflection, 
and  B  being  the  larger  resistance  which  halves  it. 

9.  Still  further  simplifications  of  the  two  latter  formulas  may 
be  obtained  if,  when  observing  the  first  deflection  a,  we  have  no 
resistance  in  circuit  (except,  of  course,  that  of  the  galvanometer,  or 
of  the  battery,  the  resistance  of  either  of  which  we  are  measuring), 
that  is  to  say,  if  we  have  p  =  0 ;  we  then  get 

G  =  B  [A] 

and 

r  =  B  -  G,  [B] 

that  is  to  say,  in  case  [A]  the  resistance  inserted  in  order  to  halve 
the  deflection  is  the  resistance  of  the  galvanometer,  and  in  case  [B] 
the  resistance  inserted,  minus  the  resistance  of  the  galvanometer, 
is  the  resistance  of  the  battery. 
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In  the  latter  case*  by  using  a  galvanometer  of  negligible  reeist- 
anoe,  we  get 

r  =  B.  [C] 

I'he  formnlsd  [A]  and  [C],  although  they  have  been  arrived  at 
by  mathematical  analyslB,  are  really  qnite  obvious,  since  it  must 
be  clear  that  the  halving  of  the  deflection,  that  is  of  the  current, 
must  be  effected  by  doubling  the  resistance  of  the  circuit,  that  is 
by  adding  a  resistance  equal  to  the  only  resihtance  which  is  in  the 
circuit  in  the  first  instance,  that  is  the  resibtance  of  the  galvano- 
meter or  of  the  battery,  as  the  case  may  be. 

10.  When  the  resistance  we  have  to  measure  is  very  high  com- 
pared with  the  resistance  of  the  galvanometer  and  batteiy  used 
for  measuring,  then  in  our  equation  (page  3) 

p=:^(B  +  r+G)-(r-f.G). 
a 

wo  may  practically,  especially  when  great  accuracy  of  measurement 
is  not  required,  put  G  as  well  as  r  equal  to  0,  in  which  case 

a 

To  measure  a  resistance  according  to  this  formula,  we  should  first 
join  up,  as  shown  by  Fig.  1  (page  1),  our  battery,  galvanometer 
and  standard  resistance  (ms  it  is  called),  which  in  our  formula  is  R ; 
and  having  noted  the  deflection  ai,  should  multiply  the  latter  by 
B ;  this  gives  us  what  is  called  the  constant,  p  (the  resistance  to 
be  determined)  is  then  inserted  in  the  place  of  R ;  a  new  deflection 
a  is  obtained,  by  which  we  divide  the  constant,  ^nd  thus  get  the 
value  of  p. 

This  method  of  measuring  resistances  is  one  which  is  some- 
times employed  in  making  tests  for  imtdation  resistance  of  tele- 
graph lines,  the  standard  resistance  B  being  1000  ohms. 

When  the  insulation  resistances  of  several  lines  are  to  be 
measured,  the  constant  would  first  be  taken  and  worked  out,  and 
the  several  lines  to  be  measured  being  inserted  one  after  the  other 
in  the  plaoe  of  the  resistance  B,  the  deflections  are  noted ;  then  the 
constant  being  divided  by  iha  several  deflections,  the  resistances 
are  thus  obtained. 

For  example. 

With  a  battery,  a  galvanometer  and  a  resistance  of  1000  ohms 
(B)  in  circuit,  we  obtained  a  deflection  of  20  divisiiHis  (aj),  then 
Constant  =  XOOO  x  20  =  20,000. 
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Taking  away  our  reeistanoe  and  inserting 

Wire  No.  1,  we  obtained  a  deflection  of  5  diyisions 

*>         3,  „  „  12        „ 

The  resistance  of  our  wires  would  then  be 

No.  1,20,000^   6  =  4000  ohms. 
„    2,20,000^   6  =  3333     „ 
„    3,20,000^12  =  1666     „ 
„    4,  20,000 -^    3  =  6666    „ 

These  results  are  the  total  insulation  Resistances  of  the  wires, 
which  may  be  of  various  lengths.  To  get  comparative  results,  it 
is  necessaiy  to  obtain  the  insulation  resistance  of  some  unit  length 
of  each  wire,  such  as  a  mile. 

Now,  it  will  be  readily  seen  that  the  greater  the  length  of  the 
wire  the  greater  will  be  the  leakage,  and  consequently  the  less 
will  be  the  insulation  resistance,  or,  in  other  words,  this  resistance 
will  vary  inversely  as  the  length  of  the  wire.  To  obtain,  then,  the 
insulation  resistance,  or  '^  insulation  "  as  it  is  simply  called,  all  we 
have  to  do  is  to  multiply  the  total  insulation  by  the  length  of  wire. 
Thus,  for  example,  if  No.  1  wire  were  100  miles  long,  its  insulation 
per  mile  would  be  4000  x  100  =  400,000  ohms. 

It  is  usual  to  fix  a  standard  insulation  per  mile,  and  if  the 
result  is  below  the  same,  the  line  is  considered  faulty.  200,000 
ohms  per  mile  is  the  standard  adopted  by  the  Postal  Telegraph 
Department. 

11.  The  rule  of  multiplying  the  total  insulation  by  the  mileage 
of  the  wire  to  get  the  insulation  per  mile  is  not  strictly  correct, 
more  especially  for  long  lines,  as  it  assumes  that  the  leakage  is  the 
same  at  every  point  along  the  line.  This,  however,  is  clearly  not 
the  case,  as  a  little  of  the  current  leaking  out  at  one  point  leaves 
a  smaller  quantity  to  leak  out  at  the  next.  In  fact,  we  really 
measure  the  last  portion  of  the  line  with  a  weaker  battery  than 
we  do  the  first.  The  true  law  is,  however,  somewhat  complex,  and 
will  be  considered  hereafter.* 

12.  We  have  hitherto  considered  the  galvanometer  deflections 
to  be  directly  proportional  to  the  currents  producing  them,  but  in 
no  galvanometer  is  this  the  case  if  the  deflections  are  measured  in 
degrees;  in  such  a  case  the  deflections  are  proportional  to  some 

*  See  Appendix. 
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fanotioii  of  thoBe  degrees,  snch  as  the  tangent.  Thns,  if  we  were 
reading  o£f  the  scale  of  degrees  on  a  tangent  galvanometer,  that 
is  to  say,  a  galvanometer  in  which  the  strengths  of  currents  are 
directly  proportional  to  the  tangents  of  the  angle  of  deflection 
which  those  currents  produce,  we  should  have  to  find  the  tangents 
of  those  degrees  of  deflection  before  multiplying  and  dividing. 

For  example. 

If  with  a  tangent  galvanometer  we  obtained  with  our  standard 
resistance  of  1000  ohms  a  deflection  of  20°,  and  with  the  unknown 
resistance  (p)  a  deflection  of  16**,  we  should  have 

tan  20-  X  1000       -864  x  1000  ,  ^^^^  ^^^, 
^  tan  16°         "■         -268 

When  measuring  the  insulation  resistance  of  a  line  of  tele- 
graph, having  taken  the  constant,  we  should  join  up  our  instru- 
ments and  line,  as  shown  by  Fig.  2.    In  making  a  measurement 


fnsuiaMf 


Earth. 

Fig.  2. 

of  this  kind,  it  is  usual  to  have  the  positive  pole  of  the  battery 
to  earth,  so  that  a  negative  (zinc)  current  flows  out  to  the  line, 
as  a  zinc  current  will  show  best  any  defective  insulation  in  the 
wire,  a  positive  current  having  the  effect,  to  a  certain  extent,  of 
gedUng  a  fault  up,  more  especially  if  the  defect  is  in  any  under- 
ground work  which  may  be  in  the  circuit 

The  foregoing  method  of  measurement  is,  as  a  rule,  sufficiently 
accurate  for  all  practical  purposes.  Greater  accuracy  may,  how* 
ever,  be  obtained  with  but  little  extra  trouble  by  allowing  for 
the  resistance  of  our  battery  and  galvanometer  in  the  following 
manner : — 

Instead  of  multiplying  the  constant  deflection  by  the  1000  ohms 
standard  resistance,  multiply  it  by  1000  plus  the  resistance  of  the 
galvanometer  and  battery,  and  having  divided  the  result  by  the  de- 
flection obtained  with  the  line  wire  in  circuit,  subtract  from  the 
result  the  resistance  of  the  galvanometer  and  battery. 
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For  example. 

With  a  standard  reBistance  of  1000  ohms,  a  tangent  galvano- 
meter of  a  resistance  of  50  ohms,  and  a  battery  of  a  resistanoe  of 
100  ohms,  we  obtained  a  deflection  of  30^,  and  with  the  line  wire 
in  circuit  a  deflection  of  10^.  What  was  the  exact  insulation 
resistance  of  the  line  ? 

Insulationl  _  tan  30° (1000  +  50  +  100)  _  ,.^      -^q. 
resistance  f  tan  10°  ^  ^ 


•577  X  1150 


•176 


-  150  =  3760  ohms. 


In  order  to  save  calculation  it  is  very  convenient  to  have  a 
table  constructed  on  the  following  plan : — 


Eabth  Beadihgs. 


J3 

to 
MS 

I 


1« 

2? 

3« 

4<> 

20*> 

20852 

10423 

6945-0 

5205  0 

210 

21992 

10993 

7324-6 

5489-5 

22« 

23146 

11570 

7709-3 

5777-9 

230 

24318 

12155 

8099-5 

6070-2 

240 

25507 

12750 

8495-5 

6367-1 

In  this  table  the  first  vertical  column  represents  the  deflections 
in  degrees  obtained  with  a  tangent  galvanometer  through  a 
8tandfU*d  resistance  of  1000  ohms,  and  the  top  row  of  degrees  are 
the  deflections  obtained  with  the  line  wire  in  circuit.  The  numbers 
at  the  points  of  intersection  of  a  vertical  with  a  horizontal  column 
give  the  resistances  corresponding  to  those  deflections,  these 
resistances  being  calculated  from  the  formula 

Insulation)  _  tan  constant  reading  x  1000 
resistance  J  tan  earth  reading  ' 
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Thns  the  eongtant  defleotioa,  or  reading,  with  the  1000  ohms 
standard  resistanoe  being  22%  and  the  deflection  with  the  line 
wire  (the  earth  reading)  being  2%  the  resistance  required  is  seen 
at  a  glance  to  be  11,570  ohms. 

Before  proceeding  to  the  more  intricate  systems  of  measure- 
ment, we  will  consider  some  of  the  instruments  which  would  be 
used  in  making  measurements  such  as  we  have  described. 
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CflAPTER  IL 
RESISTANCE    COILS. 

13.  The  essential  points  of  a  good  set  of  resistance  coils  are, 
that  they  should  not  vary  their  resistance  appreciably  through 
change  of  temperature,  and  that  they  should  be  accurately  adjusted 
to  the  standard  units,  which  adjustment  ought  to  be  such  that 
not  only  should  each  individual  coil  test  according  to  its  marked 
value,  but  the  total  value  of  all  the  coils  together  should  be  equal  to 
the  numerical  sum  of  their  marked  values.  It  will  be  frequently 
found  in  imperfectly  adjusted  coils  that  although  each  individual 
coil  may  test,  as  far  as  can  be  seen,  correctly,  yet  when  tested  all 
together  their  total  vhIuc  will  be  perceptibly  more  or  less  than  the 
sum  of  their  individual  values ;  because,  although  an  error  of  a 
fraction  of  a  unit  may  not  be  perceptible  in  testing  each  coil 
individually,  yet  the  accumulated  error  may  be  comparatively 
lai^. 

The  vrire  of  the  coils  is  either  of  platinum-silver  alloT  or  of 
German  silver ;  the  former  material  has  the  advantage  that  its 
resistance  changes  bat  very  slightly  by  variation  of  temperature ; 
this  variation  not  amounting  to  more  than  *Odl  per  cent,  per 
degree  Centigrade  (*017  per  degree  Fahrenheit).  Platinum  silver 
is,  however,  rather  expensive,  and  consequently,  where  the  highest 
possible  accuracy  is  not  of  great  importance,  German  silver,  whose 
percentage  of  resistance  variation  per  degree  Centigrade  is  «044 
(*024  per  degree  Fahrenheit),  is  used.  The  alloy  discovered 
by  Mr.  F.  W.  Martino,  called  jp2a<tiioi({,  which  is  a  combination  of 
tungsten,  copper,  nickel  and  zinc,  besides  being  very  inexpensive, 
has  a  lower  coefficient  of  resistance  variation  by  change  of  tem- 
perature than  even  platinumnsilver,  this  percentage  being  as  low 
as  '021  per  degree  Centigrade  (*012  per  degree  Fahrenheit),  it  is 
therefore  largely  used  for  resistance  coils.  The  alloy  called  man-' 
ganiuy  which  has  within  the  last  few  years  come  into  considerable 
use,  has  also  a  very  small  iemj^eralure  coefficient ;  some  specimens 
of  the  alloy  in  fact  have,  it  is  stated,  been  found  to  be  practically 
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unaffected  as  regards  resistance  by  change  (within  certain  limits) 
of  temperature. 

The  wire  is  nsnallj  insulated  by  two  coverings  of  silk,  and  is 
wound  double  on  ebonite  bobbins,  the  object  of  the  double  winding 
being  to  eliminate  the  extra  current  whidi  would  be  induced  in  the 
coils  if  the  wire  were  wound  on  single.  By  double  winding,  the 
current  flows  in  two  opposite  directions  on  the  bobbin,  the  portion 
in  one  direction  eliminating  the  inductive  effect  of  the  portion  in 
the  other  direction.  When  wound,  the  bobbins  are  saturated  in 
hot  paraffin  wax,  which  thoroughly  preserves  their  insulation,  and 
prevents  the  silk  covering  from  becoming  damp,  which  would 
have  the  effect  of  partially  short-circuiting  the  coils  and  thereby 
reducing  their  resistance. 

The  small  resistances  are  made  of  thick  wire,  the  higher  ones 
of  thin  wire,  to  economise  space. 

When  bulk  and  weight  are  of  no  consequence,  it  is  better  to 
have  all  the  coils  made  of  thick  wire,  more  especially  if  high 
battery  power  is  used  in  testing,  as  there  is  less  liability  of  ^e 
coils  becoming  heated  by  the  passage  of  a  current  through  them. 

The  individual  resistances  of  a  set  of  coils  are  generally  of 
such  values  that,  by  properly  combining  them,  any  resistance 
from  1  to  10,000  can  be  obtsdned.  One  arrangement  in  general 
use  has  coils  of  the  following  values :  1,  2,  2,  5,  10, 10,  20,  50, 100, 
100,  200,  500,  1000,  1000,  2000,  5000  ohms.  These  numbers 
enable  any  resistance  from  1  to  10,000  to  be  obtained,  using  a 
minimum  number  of  coils  without  fractional  values.  As,  however, 
it  is  a  matter  of  some  little  difficulty  to  see  at  once  what  coils 


Fio.  3. 

it  is  necessary  to  put  into  circuit  in  order  to  obtain  a  particular 
resistance,  and  as  it  is  often  necessary  to  be  quick  in  ohangiug 
the  resistances,  the  following  numbers  are  frequently  used :  1,  2, 
3,  4,  10,  20,  80,  40,  100,  200,  300,  400,  1000,  2000,  3000,  4000, 
which  enables  any  particular  resistance,  that  is  required  to  be 
inserted*  to  be  seen  almost  at  a  glanpe. 
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The  way  in  whicli  the  different  coils  are  put  in  circuit  is 
shown  by  Fig.  3.  The  ends  of  the  several  resistances,  c,  c,  c,*  •  •  • 
are  connected  between  the  brass  blocks,  6,  6,  6,*  *  *  *  Any  of  the 
coils  can  then  be  cut  out  of  the  circuit  between  the  first  and 
last  blocks,  by  inserting  plugs,  |>,  as  shown,  which  short-circuit 
the  coils  between  them  ;  thus,  if  all  the  plugs  were  inserted,  there 
would  be  no  resistance  in  circuit,  and  if  all  the  plugs  were  out,  all 
the  coils  would  be  in  circuit. 

14.  There  are  various  ways  of  arranging  the  coils  in  sets ;  one 
of  the  most  common  is  that  shown  in  outline  by  Fig.  4,  and  in 
general  view  by  Fig.  5.     This  form  is  much  used  in  submarine 

B  C 
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Fio.  5. 


cable  testing.  The  brass  blocks,  here  shown  in  plan,  are  screwed 
down  to  a  plate  of  ebonite,  which  forms  the  top  of  the  box  in  which 
the  coils  are  enclosed.  The  ebonite  bobbins  are  fixed  to  tbe  lower 
surfiEU)e  of  the  ebonite  top,  the  ends  of  the  wires  being  fixed  to  the 
screws  which  secure  the  brass  blocks.  The  holes  shown  in  the 
middle  of  the  brass  blocks  are  convenient  for  holding  the  plugs 
that  are  not  in  use. 

It  will  be  seen  that  six  terminals,  A,  B,  C,  D,  E,  F,  are  pro- 
vided ;  when  we  only  require  to  put  a  resistance  in  circuit,  the 
two  terminals  D  and  E  would  be  used.  The  use  of  the  other 
terminals  and  of  the  movable  brass  strap  S,  will  be  explained 
hereafter. 
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15.  In  using  a  set  of  resistance  coils,  one  or  two  precautions 
are  necessary. 

First  of  all,  it  should  be  seen  that  the  brass  shanks  of  the 
pings  are  dean  and  bright,  as  the  insertion  of  a  dirty  ping  will 
not  entirely  sbort-dronit  the  coil  it  is  intended  to  cut  out.  It  is 
a  good  plan,  occasionally,  to  give  the  plugs  a  scrape  with  a  piece 
of  glass  or  emery  paper,  taking  care  to  rub  off  any  grains  of  grit 
which  may  remain  sticking  to  them  after  this  has  been  done. 

When  a  plug  is  inserted  it  should  not  be  simply  pushed  into 
the  hole,  but  a  twisting  motion  should  be  given  it  in  doing  so, 
that  good  contact  may  be  euBured  ;  too  much  force  should  not  be 
used,  as  the  ebonite  tops  may  thereby  be  twisted  off  in  extracting 
the  plugs.  Care  should  also  be  taken  that  the  neighbouring  plugs 
are  not  loosened  by  the  fingers  catching  them  during  the  operation 
of  nhifdng  a  plug. 

Before  commencing  work  it  is  as  well  to  give  all  the  plugs  a 
twist  in  the  holes,  so  as  to  ensure  that  none  of  the;n  are  left  loose. 
On  no  account  must  the  plugs  be  greased  to  prevent  their  sticking, 
and  their  brass  shanks  should  be  touched  as  little  as  possible  with 
the  fingers. 

16.  For  taking  the  insulation  resistance  of  a  line  in  the  manner 
described  in  the  last  chapter,  such  an  elaborate  set  of  coils  is  not 
of  course  wanted.    A  single  coil  of  a  resistance  of  1000  ohms  in  a 

box  with  two  terminals,  to  which 
the  ends  of  the  coil  are  attached, 
is  all  that  is  required. 

17.  One  of  the  most  useful  sets 
of  coils  for  generHl  purposes,  known 
as  the  "  Post  Office  pattern,"  is  re- 
presented in  outline  by  Fig.  6, 
and  in  general  view  by  Fig.  7. 
The  general  arrangement  of  resist- 
ances, it  will  be  seen,  is  the  same 
as  that  shown  by  Fig.  4.  Two 
Fio.  6.  keys,  however,  are  provided  (drawn 

in  Fig.  6  in  elevation).  The  con- 
tact point  of  the  right-hand  key  is  connected,  as  shown  by  the 
dotted  line,  with  the  middle  brass  block  of  the  upper  set  of  re- 
sistances, the  terminal  B'  at  the  end  of  the  key  conecponding  in 
fact,  when  the  key  is  pressed  down,  with  the  terminal  B  shown 
in  Fig.  4.  In  like  manner  the  terminal  A'  corresponds  with  the 
terminal  A.  In  the  place  of  the  movable  strap  of  brass  between 
A  and  D  (Fig.  4),  a  plug  marked  INF.  (infinity)  is  provided,  which 
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answers  the  same  purpose ;  an  infinity  ping  is  also  placed  at  the 
first  bend  of  the  ooils  on  the  right  hand  of  the  figure.* 


Fio.  7. 

When  we  require  simply  to  insert  a  resistance  in  a  circuity 
we  should  use  the  terminals  A'  and  E,  the  left-hand  key  being 


Fio.  8. 

pressed  down  when  the  deflection  of  the  galvanometer  needle  is 
to  be  noted.      The  current  can  thus  be  conveniently  cut  off  or 

•  A  reversing  switch,  the  use  of  which  will  be  explained  hereafter,  is  attached 
to  the  riglit-liand  tfide  of  the  box. 
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put  on  when  required,  by  releasing  or  depressing  the  key.  Care 
should  be  taken  that  the  two  infinity  plugs  are  firmly  in  their 
placed,  to  ensure  their  making  good  contact.  For  the  same  pur* 
pose  the  key  contacts  should  be  occasionally  cleaned  by  drawing  be- 
tween them  a  piece  of  clean  paper,  the  key  being  held  firmly  down. 
Another  set  of  coils,  known  as  the  *'Dial*'  pattern,  is  repf^^ 
sented  in  general  view  by  Fig,  8 ;  these  will  be  again  referred  to 


Fig.  9. 


hereafter  (Chapter  VIII).  In  this*  pattern  (as  will  be  seen  from 
the  figure)  ten  brass  blocks  are  arranged  radially  around  a  central 
circular  block.  One  disadvantage  of  the  arrangement  is  that  it 
is  difficult  to  clean  the  surface  of  the  ebonite  on  which  the  brass 
blocks  are  mounted;  in  a  somewhat  similar  pattern,  designed  by 


Fio.  10. 


Dr.  Huirhead  and  shown  by  Fig.  9,  this  disadvantage  is  got  over 
by  substituting  a  rectangular  bar  for  the  central  circular  block, 
and  arranging  five  of  the  brass  blocks  in  a  row  on  one  side  and 
five  on  the  other  side  of  the  same.  By  this  armngement  a  piece 
of  rag  can  easily  be  passed  between  the  blocks  and  the  central 
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bar,  and  the  surface  of  the  ebonite  on  which  the  blocks  and  bar 
are  mounted  be  readily  cleaned. 

18.  Fig.  10  shows  a  set  of  coils  similar  in  general  arrange- 
ment to  Fig.  8,  but  in  which  the  yarious  resistances  are  brought 
into  circuit  by  turning  finger  knobs  instead  of  shifting  plugs.  For 
^^{trickness  of  manipulation  this  arrangement  is  very  satisfactory, 
and  it  is  doubtful  whether  the  objection  raised  against  the  same, 
viz.  that  the  lever  arms  turned  by  the  finger  knobs  are  liable  not 
to  make  good  contact  with  the  studs  against  which  they  press,  is 
really  a  valid  one. 


Slide  Resistance  Coils. 

19.  Fig.  11  shows  the  principle  of  this  method  of  arranging 
Resistance  Coils. 

The  coils,  which  are  generally  all  of  equal  value,  are  connected 
between  brass  blocks,  as  in  Fig.  3,  but  instead  of  plugs  being 
inserted  between  the  blocks  to  cut  the  various  coils  out  of  circuit, 
a  sliding  piece,  B,  is  provided,  which  can  be  moved  along  a  rod 
with  which  it  is  in  connection.  The  slider  has  a  spring  fixed  to 
it  which  presses  against  the  brass  blocks ;  it  is  evident,  then,  that 
any  required  resistance  can  be  inserted  between  A  and  B,  that  is, 
between  A  and  a  terminal  fixed  to  the  end  of  the  rod,  by  simply 
sliding  the  piece  B  along  the  rod. 

'"N:tz  -^  Q 

Fio.  n. 

The  object  of  arranging  the  ooils  in  this  manner  is  more 
particularly  to  enable  the  ratio  of  A  B  to  B  C  to  be  varied,  whilst 
the  sum  of  the  two,  that  i^  to  say  the  whole  length,  A  C,  remains 
constant;  this  is  sometimes  required  to  be  done. 

These  coils  are  sometimes  set  in  a  circle  instead  of  a  straight 
line,  the  contact-piece  B  being  a  spring  forming  a  radius  of  the 
circle.     This  is  a  very  compact  and  useful  arrangement. 

20.  For  some  tests  a  long  straight  wire  of  German  silver  or 
other  metallic  compound  is  employed  in  the  place  of  the  resistance 
coils.  It  is  important  that  this  wii*e  should  be  made  of  a  per- 
fectly uniform  alloy,  and  should  be  of  the  same  diameter  through- 
out, so  that  its   resistance  may  be  directly  proportional  to  its 
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length ;  thus,  if  the  slider  were  at  the  middle  point  of  the  wire, 
the  resistance  on  each  side  should  be  exactly  the  same. 

If,  as  IB  sometimes  the  case,  it  is  required  to  use  a  long  wire 
of  this  kind,  it  would  be  inconvenient  to  have  it  straight;  in 
such  a  case,  therefore,  the  wire  is  wound  spirally  on  a  cylinder  of 
ebonite  or  other  insulating  material,  the  two  ends  being  connected 
to  the  metal  axes,  these  latter  being  in  connection  with  terminals. 
The  sliding  contact-piece  is  moved  along  parallel  with  the  axes 
of  the  cylinder  by  a  screw  which  gears  with  the  cylinder,  and 
which  is  therefore  revolved  by  the  handle  which  turns  the  latter ; 
the  contact  of  the  slider  with  the  wire  is  made  when  required  by 
pressing  the  former  with  the  finger.  The  arrangement,  in  fact, 
is  a  modified  form  of  Jacobi's  Rheostat. 

The  Thomson-Jolin  BheoaiaL 

21.  This  apparatus,  which  is  shown  by  Fig.  12,  was  devised 
by  Lord  Kelvin  (Sir  William  Thomson)  and  Mr.  P.  Jolin,  of 
Bristol,  and  is  a  valuable  modification  of  the  original  rheostat  of 
Wheatstone,  the  apparatus  being  entirely  free  from  the  defects 
which  characterised  the  latter  instrument. 


Fio.  12. 

In  this  rheostat  the  wire  is  guided  between  the  cylinders,  so 
as  to  be  laid  on  them  spirally,  by  means  of  a  travelling  nut  on 
a  long  screw.  The  screw  is  turned  by  the  handle,  and  carries  a 
toothed  wheel  which  gears  into  two  other  toothed  wheels ;  one  of 
the  latter  turns  one  of  the  cylinders,  and  the  other  a  loose  shaft 
carrying  the  other  cylinder;  a  spring  fixed  to  this  shaft  acts  on 
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the  last-name'd  cylinder  whicli  surrounds  it  on  the  principle  of 
the  main  spring  of  a  watch.  By  this  arrangement  the  wire  is 
kept  tightly  stretched,  and  the  barrels  can  be  turned  backwards 
or  forwards  without  the  wire  becoming  slack.  The  guiding  nut 
is  also  arranged  to  stop  the  motion  of  the  screw  shaft  at  each  end 
of  the  range,  and  so  prevent  the  possibility  of  over-winding ;  it 
also  carries  an  index,  which  moves  along  a  graduated  scale  and 
indicates  the  number  of  turns  of  wire  on  the  insulating  cylinder. 

The  conducting  cylinder  and  the  wire  are  both  of  **  platinoid," 
which  has  properties  which  make  it  specially  suitable  for  the  pur- 
pose. It  has  very  high  electric  resistance,  very  small  temperature 
variation  of  resistanoe  (as  has  previously  been  pointed  out  on 
p.  11),  and  it  remains  with  its  surface  almost,  if  not  altogether, 
untarnished  in  the  air.  On  account  of  the  last-named  property, 
the  contact  between  the  wire  and  the  conducting-cylinder  is  as 
perfect  as  can  be  desired ;  and  continuity  of  action,  which  was  a 
great  difficulty  in  the  old  Wheatstone  instrument,  is  (according  to 
Lord  Kelvin)  absolutely  complete. 

22.  It  is  evident  that  a  much  finer  adjustment  of  resistance 
can  be  obtained  by  the  slide  wire  than  by  the  slide  resistance  coils, 
but  inasmuch  as  the  length  of  the  wire  and  the  smallness  of  its 
diameter  must  be  limited,  it  does  not  admit  of  very  large  varia- 
tions of  resistance  being  obtained.  By  combining,  however,  a 
slide-wire  resistance  with  plug  resistance  coils,  this  difficulty  can 
be  got  over,  though  in  tests  which  we  shall  describe,  it  is  pre- 
ferable to  use  the  slide  coils. 

23.  Slide  resistance  coils,  though  very  convenient^  are  not 
absolutely  necessary  for  varying  the  ratio  of  the  resistances  in 
the  manner  described ;  for  it  is  evident  that  A  B  and  B  0  (Fig.  11) 
could  be  two  sets  of  resistance  coils  in  which,  to  adopt  the  slide 
resistance  principle,  the  resistances  would  have  to  be  increased  in 
one  set  and  diminished  in  the  other,  or  vice  versd,  care  being  taken 
that  the  same  resistance  is  added  in  one  set  as  is  taken  out  in  the 
other. 


o  u 
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CHAPTER  III. 
OALVANOMETEBS, 


24.  For  the  olass  of  tests  in  wliicb  it  is  required,  by  adjusting 
certain  resistances,  to  bring  the  needle  to  zero,  and  where  great 
sensitiveness  is  not  required,  the  simple  form  of  galvanometer 
shown  by  Fig.  13  is  very  useful ;  it  is  a  pattern  used  in  the  Postal 
Telegraph  Department  in  connection  vrith  testing  by  the  Wheat- 
stone  Bridge  (Chapter  VIII.).  In  this  instrument  .there  is  but 
one  needle  (within  a  coil),  a  light  index  pointer  being  fixed  at 
right  angles  to  the  same,  and  the  whole  having  a  compass  sus- 
pension. 


Fig.  13. 


Fig.  14. 

26.  In  cases,  however,  where  tests  of  the  kind  desciibed  on 
p.  2  have  to  be  made,  a  different  class  of  instrument  is  neces- 
sary;  the  form  shown  by  Fig.  14  is  a  convenient  and  useful 
one  for  such  purposes,  the  scale  being  graduated  to  degrees. 
The  iostrument  is  provided  with  an  astatic  pair  of  needles  sus- 
pended by  a  cocoon  fabre,  the  end  of  the  latter  being  attached 
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to  a  piece  of  metal  connected  to  a  screw,  by  the  twisting  of  which 
the  needles  can  be  lowered  down  on  to  the  coil,  so  that  there 
would  be  no  danger  of  the  fibre  being  fractured  when  the  instru- 
ment has  to  be  moved  about. 

When  the  galvanometer  is  to  be  used  it  should  be  placed  on 
a  firm  table,  and  the  screw  connected  to  the  fibre  turned  until  the 
needles  swing  clear  of  the  coil«  The  instrument  should  then  be 
placed  in  such  a  position  that  the  top  needle  stands  as  nearly  as 
possible  over  the  zero  points.  It  should  next  be  carefully  levelled 
by  means  of  the  levelling  screws  attached  to  its  base,  until  the 
metal  axis  which  connects  the  two  needles  together  is  exactly  in 
the  centre  of  the  hole  in  the  scale-card  through  which  it  passes. 

The  adjustment  of  the  needles  to  zero  is  much  facilitated  in  the 
instrument  by  making  the  coil  movable  about  the  centre  of  the 
scale-card  by  means  of  a  simple  handle  attached  direct  to  the  coil. 
The  final  touch  can  thus  be  given  without  shaking  the  needles, 
which  would  render  exact  adjustment  difficult. 

In  some  galvanometers  there  is  a  scale  graduated  to  degi^es 
attached  to  the  coil,  so  that  the  angle  through  which  it  is  turned 
can  be  seen  if  required.  This  scale  is  employed  when  using  the 
instrument  as  a  Sine  galvanometer. 

The  Sine  Galvanometer. 

26.  We  before  stated  that  the  strengths  of  currents  producing 
certain  deflections  are  not  directly  proportional  to  those  deflec- 
tions, but  to  some  function  of  them,  such  as  the  tangent.  In 
measuring  strengths  of  currents  by  means  of  a  sine  galvanometer 
we  proceed  as  follows : — 

The  needle  is  first  adjusted  to  zero.  The  current  whose 
strength  is  to  be  measured  is  then  allowed  to  flow,  and  a  deflection 
of  the  needle  produced.  The  coil  is  now  turned  roand ;  this  causes 
the  needle  to  diverge  still  more  with  respect  to  the  stand  of  the 
instrument,  but  the  angle  which  it  makes  with  the  coil  becomes 
less  the  farther  the  latter  is  turned,  and  finally  a  point  is  reached 
at  which  the  needle  is  again  parallel  to  the  coil — that  is,  its  ends 
are  again  over  the  zero  points  on  the  scale-card.  The  reason  of 
this  is,  that  the  deflective  action  of  the  coil  on  the  needle  is  always 
the  same,  provided  the  current  strength  does  not  vary,  but  the 
farther  the  needle  moves  from  the  magnetic  meridian,  itie  greater 
becomes  its  tendency  to  return  to  that  meridian,  and  finally  when 
the  needle  becomes  parallel  to  the  coil,  the  defective  force  of  the 
latter  exactly  balances  the  reactive  force  of  the  earth's  magnetism. 
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The  strengtli  of  the  current  which  producee  the  deflection  of 
the  needle  will  then  be  directly  proportional  to  the  tine  of  the 
angle  through  which  the  ooil  has  been  turned. 

The  Bine  galvanometer,  though  but'  rarely  used,  is  a  very 
accurate  instrument,  in  so  far  that  its  results  are  entirely  inde- 
pendent of  the  shape  of  the  ooil,  size  of  the  needle,  &o.  The  only 
precaution  necessary  is  to  see  that  when  the  needle  is  at  zero  at 
starting  it  is  brought  back  exactly  at  zero.  Indeed,  it  is  not 
absolutely  necessary  that  the  starting  point  be  zero — the  law  of 
the  8ine8  holds  good  if  the  needle  be  at,  say,  5°  when  oommeucing, 
but  in  this  case,  by  the  turning  of  the  coil,  the  needle  must  be 
brought  back  to  5^,  and  not  to  zero. 

The  Tangent  Galvanometer. 

27.  The  tangent  galvanometer,  which  is  perhaps  the  most 
useful  and  convenient  instrument  for  general  purposes,  consists 
essentially  of  ooils  of  wire  wound  in  the  deep  groove  in  the  cir- 
cumference of  a  circular  ring,  a  magnetic  needle  being  placed  at 
the  centre  of  the  latter  over  a  graduated  circle.  The  length  of 
this  needle  must  be  small  compared  with  the  diameter  of  the  ooils 
so  as  to  ensure,  as  far  as  possible,  the  magnetic  influence  of  the 
current  on  the  needle  being  the  same  at  whatever  angle  the 
needle  may  be  with  respect  to  the  ooiL  Theoretically,  to  effect 
this  result,  the  magnet  should  be  a  mere  point,  but  this  is  of 
course  impossible,  and  practically  it  is  sufficient  for  the  coil  to  be 
eight  or  ten  times  as  large  in  diameter  as  the  length  of  the  needle. 
Upon  the  influence  of  the  coil  on  the  needle  being  the  same,  what- 
ever angle  the  needle  takes  up  with  respect  to  it,  depends  the 
truth  of  the  proposition,  that  the  strength  of  currenla  circulating  in 
the  coil  are  directly  proportional  to  the  tangents  of  the  angles  of  dc" 
flection  of  the  needles.  For  a  6-  or  7-inch  ring,  a  needle  about 
three-quarters  of  an  inch  in  length  is  a  convenient  size,  and  gives 
sufficiently  accurate  results  for  all  practical  purposes.  The  needle 
must  be  so  placed  that  its  central  point  is  at  the  axis  of  the  coils, 
and  also  in  the  same  plane  with  them. 

28.  The  principle  of  the  instrument  is  as  follows : — 

Let  ns  (Fig.  15)  be  the  needle  in  its  normal  position,  i.e.  the 
position  where  it  is  parallel  to  the  magnetic  meridian,  and  also 
parallel  to  the  ring  or  ooils.  Let  n^  Si  be  the  position  the  needle 
takes  up  when  deflected  by  the  action  of  the  coils.  Draw  c  d  at 
right  angles  to  n^  s^  making  c  n^  equal  to  fij  d ;  draw  a  c  and  d  a^ 
each  at  right  angles  to  cd;  also  draw  n^  a  parallel  ions  and  n^  a^ 
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•t  right  angles  to  n«.  Now  the  position  which  the  needle  tftkes 
up  is  due  to  the  fact  that  the  deflective  action  of  the  coils,  and  the 
direotiYe  force  of  the  earth's  magnetism  when  resolved  at  right 
angles  to  the  needle,  are  eqnal  and  opposite  in  effect.  The  first  of 
these  forces  f^  acts  at  right  angles  to  n«,  and  the  second,  /j,  acts 
parallel  to  n  « ;  then  if  a  n^  and  a^  n^  repre- 
sent the  forces  /|  and/,  respectively,  c  n^  and 
d%T^  will  represent  the  resolved  forces  at 
right  angles  to  n^  «i,  which  forces  are  eqnal 
.  since  equilibrium  is  produced ;  let  their 
value  be  /.  Now  since  a  n^  is  parallel  to 
n^o^midi  a  e  parallel  to  n^  o,  the  angle  caui 
is  equal  to  the  angle  a° ;  *  also  since  n^  o^  is 
perpendicular  to  n  o,  and  n^  €l  is  perpendi- 
cular to  fii  o,  the  angle  a^  nj  d  is  equal  to  the 
angle  oP.  *  We  consequently  have 
/s/jcoeo^  and  /  =  /iBina°; 


therefore 


or 


/a  cos  o°  =  /i  sin  o°. 


/.=/i 


sin  a 
cos  a** 


s/itano^ 


but  /i  (the  directive  force  of  the  earth's  magnetism)  is  constant, 
therefore /,  (the  deflective  force  of  the  coils)  is  proportional  to  tan 
a^  that  is  to  say,  the  current  strength,  0,  in  the  ring  or  coils  is 
proportional  to  tan  a^f  or 

0  =s  tan  a°  X  a  constant. 
29.  Fig.  16  showiTa  pattern  of  tangent  galvanometer  which  is 
used  by  the  Postal  Telegraph  Department.}    The  magnetic  needle 

*  Eqelid,  Book  L  prop.  84. 

t  Profeenr  J.  P.  Jonle  and  Profenor  Jack  point  oat  in  yoL  W.  pp.  185, 147,. 
and  151,  of  the  'PMoeedlngs  of  the  Manoheflfcer  Literary  and  Fhiloiophical 
Society/  that  if  the  needle  be  of  a  considerable  length,  then  if  a^  be  the  angle 
of  deflection,  I  the  wtagneUe  length  of  the  needle  (generally  about  1  of  the  actual 
length),  and  d  the  masnetio  diameter  of  the  coil,  me  conection  to  oe  aupplied  to 
the  tangont  of  the  angle  of  deflection  is 

J(4tan«oO-l)^8in2aO, 

which  conection  is  additiTe  at  great  deflections,  and  subtraetiTe  at  small  ones* 
At  a  certain  deflection  this  correction  yanishes ;  that  is  to  say,  we  have 

4tan<a?-l  =0, 
or 

tana  =  }  =  tan2e°80'. 

}  The  exact  arrangement  of  this  instrument  is  described  in  the  Appendix. 
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(which  is  I  of  an  inch  long)  has  a  long  pointer  of  gilt  copper, 
about  5  inches  long,  fixed  at  rii^ht  angles  to  it;  when  the  needle 
is  parallel  to  the  coil,  each  end  of  this  pointer  is  over  the  zero  of 
a  graduated  scale.  One  of  these  scales  is  divided  to  true  degrees, 
and  the  other  to  numbers  proportional  to  the  taugent  of  those 
degrees,  so  that  if  we  read  off  two  deflections  from  the  degrees 
scale,  the  other  extremity  of  the  pointer  will  indicate,  approxi- 


mately, numbers  proportional  to  the  tangents  of  those  two  degrees 
of  deflection. 

Now,  as  the  strengths  of  currents  producing  certain  deflections 
are  proportional  to  the  tangents  of  the  degrees  of  those  deflpctions, 
if  we  read  off  from  the  degrees  scale  we  must,  as  we  have  explained 
in  Chapter  I.  (§  12,  page  7),  reduce  the  degrees  to  tangents,  from 
a  table  of  tangents,*  before  working   out  a  formula  which  has 

*  Table  I, 
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reference  to  the  streDgths  of  currents.  If,  however,  we  read  off 
from  the  tangent  scale,  no  rednction  is  necessary,  and  the  numbers 
can  be  at  once  inserted  in  the  formula. 

To  avoid  parallax  error,  in  consequence  of  the  pointer  being 
elevated  above  the  scale,  a  mirror-glass  is  fixed  under  each  end  of 
the  pointer,  so  that  when  we  look  at  the  end  of  the  latter  and  see 
that  its  reflected  image  coincides'with  the  pointer  itself,  we  know 
that  we  are  looking  at  the  end  perpendicularly  with  the  scale. 

30.  Before  using  the  galvanometer  it  should  be  seen  that  the 
pointer  has  not  become  bent,  but  stands  at  right  angles  to  the 
magnet,  and  that  when  suspended  it  turns  freely.  On  no  account 
should  the  magnet  suspension  be  oiled,  as  quite  the  opposite  effect 
to  what  is  intended  will  be  produced  by  so  doing.  Care  should  be 
taken  that  the  scale  is  in  its  proper  position,  so  that  when  the  two 
ends  of  the  pointer  are  over  the  zero  points,  the  pointer  stands  at 
right  angles  to  the  coils.  The  correct  setting  of  the  position  of  the 
scale  with  reference  to  the  coil  is  a  mechanical  adjustment  which 
when  once  properly  effected  is  not  likely  to  alter ;  it  is,  however, 
as  well  to  verify  its  correctness  by  means  of  a  set  square  before 
the  instrument  is  brought  into  general  use.  The  pointer  attached 
to  the  magnetic  needle  is  very  subject  to  accident,  and  is  often 
badly  adjusted.  The  correctness  of  the  setting  can  be  verified  by 
placing  the  galvanometer  so  that  the  pointer  stands  at  zero,  and 
then  sending  a  current  through  the  coil  first  in  one  direction  and 
then  in  the  other.  The  deflections  on  either  side  of  zero  in  this 
case  should  be  equal ;  if  they  are  not,  the  position  of  the  pointer 
relative  to  the  needle  should  be  readjusted  until  the  required 
equality  of  deflections  on  either  side  of  zero  is  obtained.  Care  should 
be  taken  when  making  this  adjustment  to  place  the  instrument 
clear  of  any  unequally  distributed  masses  of  iron,  otherwise  unequal 
deflections  may  be  obtained  although  the  pointer  and  magnet  are 
correctly  set. 

Angle  of  Maadmum  Senaitiveness. 

31.  In  using  the  tangent  galvanometer  it  is  always  as  well 
to  avoid  obtaining  either  very  high  or  very  low  deflections.  The 
reason  of  this  is,  that  any  small  change  in  the  strength  of  a  current 
traversing  the  galvanometer  will  produce  the  greatest  effect  on  the 
needle  when  the  latter  stands  at  some  deflection  which  is  neither 
very  high  nor  very  low.  The  galvanometer  is,  in  fact,  most  sensi- 
tive when  the  needle  points,  under  the  influence  of  a  current,  at 
that  deflection. 
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Thofl,  for  example,  suppose  we  had  a  current  whioh  produced 
a  deflection  of  5°,  and  this  current  was  increased  say  by  ^ih,  then 
the  deflection  would  be  increased  to  5°  SO',  because 

tan  6^  :  tan  5°  aC : :  1 : 1,1^. 

Next,  suppose  the  needle  stood  at  80°,  and  the  current  was,  as 
before,  increased  by  -j\^th,  then  the  deflection  would  be  increased  to 
80*^  64',  for 

tan  80°  :  tan  80°  64' : :  1  :  1^. 

'Lastly,  let  us  suppose  the  needle  stood  at  43°,  then  by  the 
increase  in  the  current  the  deflection  would  have  changed  to 
45°  43',  for 

tan  43°  :  tan  46°  43' : :  1  :  1^. 

In  the  first  case,  then,  when  the  deflection  was  low,  the  increase 
was 

6°  30' -6°  =  30'; 

in  the  second  case,  when  the  deflection  was  high, 
80°  64' -80°  =  64'; 

and  in  the  third  case,  when  the  deflection  was  of  a  medium  value, 
450  43' -430 -2°  43'. 

What,  then,  is  the  deflection  at  whioh  this  increase  is  greatest? 

The  point  to  be  determined  is,  what  deflection  is  increased 
most  by  any  small  alteration  in  the  current  producing  that 
deflection  ? 

If  G  be  a  current  giving  a  deflection  of  C4°,  and  0|  a  current 
a  little  stronger,  say,  which  increases  this  deflection  to  (0^°  -f  S")* 
we  have  to  find  what  value  given  to  0^°,  makes  ^  as  large  as 
possible  when  G  and  Ci  are  very  nearly  and  ultimately  equal. 

We  have 

C  :  Ci :  :  tan  ai°  :  tan  (aj  +  8°)i 
therefore 

tan(ai°  +  8°)  =  §tanai°.  [A] 

Now  we  have  to  make  S°  a   maximum,  supposing  that  the 

foregoing  equation  holds  good. 

Since  8°  is  to  be  a  maximum,  tan  S°  must  also  be  a  maximum. 

Now 

^     /    o  .  ^x        tanai°  +  tan8°        0^  ^ 
tan(a,°-fy)=,^^^^^^.^y  =  .^tana,, 
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therefore 


therefore 


therefore 


n 

tan  tti*"  +  tan  S°  =  -^  tan  ai°  (1  -  tan  ai°  tan  S^), 

tan  8°  ('l  +  ^  tan"  aj'^  =  tan  a°  (^  -  l), 

We  have  then  to  find  what  yalue  of  tan  a^^  makes  this  fraction 
a  maximum,  and  this  we  shall  do  by  finding  what  value  makes 
the  denominator  of  the  fraction  a  minimum.    Now 


when 
-/v/^tanai°  =  0, 


tana^ 
and  this  will  be  a  minimum  when 


_1_       ■  /Ci, 

-V^twiai° 
that  is,  when 

l  =  ^§tan»ai°,    or,    tanaj'^^^; 

n 
but  as  Gi  and  C  are  ultimately  equal,  -^  becomes  equal  to  1, 

therefore 

tan  oi^  =  V 1  =  1  =  t»n  45^ 

32.  We  see,  then,  that  in  order  to  make  the  tangent  galvano- 
meter as  sensitive  as  possible  we  should  obtain  the  deflection  of 
its  needle  as  near  45°  as  possible;  45°  is,  in  fact,  the  angle  of 
maximum  sensitivenesa. 

Every  galvanometer  has  an  angle  of  maximum  sensitiveness, 
although  it  is  not  the  same  in  all.  The  angle  can,  however,  be 
found  experimentally  (see  <  Calibration  of  Galvanometers '),  and 
should  be  marked  on  the  instrument  for  future  reference. 

33.  If  we  require  to  adjust  two  currents  in  two  different 
measurements  so  that  they  shall  be  equal  in  both  cases,  it 
is  evident  that  the  needle  of  the  galvanometer  employed  to 
measare  them  should  in  each  case  show  the  v  same  deflection.    In 
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making  the  two  measurements,  we  take  the  deflection  obtained 
by  one  current  as  the  standard,  and  then  in  making  the  second 
measurement  we  adjust  the  current  until  the  same  deflection  is 
obtained.  Now  the  accuracy  with  which  this  current  can  be 
adjusted  depends  upon  the  sensitiveness  of  the  galvanometer  to  a 
change  in  the  strength  of  the  current,  and  we  have  seen  that  this 
sensitiveness  is  at  a  maximum  when  the  deflection  is  45°.  If, 
therefore,  we  employ  a.  tangent  galvanometer  for  such  a  test  as 
that  just  mentioned,  we  should  endeavour  in  both  measurements 
to  bring  the  needle  to  45°. 

34.  In  what  way  can  the  property  of  the  galvanometer  be 
taken  advantage  of  when  comparing  two  deflections  ? 

We  must  in  such  a  case  endeavour  to  obtain  both  deflections 
as  near  to  45°  as  possible.  To  do  this  we  should  have  to  get  one 
deflection  on  one  side,  and  the  other  deflection  on  the  other  side, 
of  45°.  But  then  the  question  arises,  should  we  get  the  deflections 
at  an  equal  distance  on  either  side,  or  one  closer  to  the  45°  than 
the  other,  and  if  so,  should  the  higher  or  the  lower  deflection  be 
the  closer  of  the  two  ? 

Now,  a  little  consideration  will  make  it  clear  that  if  the  two 
deflections  in  question  are  taken  either  near  0°  or  90°,  they  will 
be  much  closer  together  than  if  they  are  taken  near  45°,  for  the 
reason  that  the  tangents  of  high  or  low  deflections  diflfer  more 
widely  from  one  another  than  do  the  tangents  of  medium  de- 
flections. But  we  have  shown  that  when  deflections  are  high 
or  low,  any  increase  or  decrease  in  the  strength  of  the  current 
producing  those  deflections  has  less  efifeot  than  when  the  deflections 
are  of  a  medium  value.  It  is  therefore  evident  that  it  is  most 
advantageous  to  get  the  deflections  as  wide  apart  as  possible. 

Let  then  tan  0°  represent  the  stronger,  and  tan  ^°  the  weaker 
current,  and  let  one  current  be  n  times  as  strong  as  the  other. 
We  then  have  to  find  what  values  of  ©°  and  ^°  make 

a  maximum,  supposing  that 

tan  0°  =  n  tan  ^°. 

If  in  the  last  investigation  we  substitute  0°  —  ^°  for  S°,  ^°  for  ai°, 

n 
and  n  for  -^^  we  can  see  that  in  order  to  get  the  required  result 

we  must  make 

tan  ^°  =  -r=i 
vn 
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and,  since  tan  6°  =  n  tan  0°, 

tan  0**  =  - ^  =  Vn. 
vw 

If  one  cnrrent  strength  is  to  be  twice  as  great  as  the  other, 
then  n  =  2  ;  consequently, 

tan^°  =  V2  =  1-41421  =  tan  54''  44'  =  tan  64|°, 
and 

tan  ^"^  =  -^  =  -70711  =  tan  36°  16'  =  tan  35^° . 

V  2 

These,  then,  are  the  deflections  that  theoretically  it  is  best  to 
obtain  in  making  a  test  with  a  tangent  galvanometer  in  which 
one  current  is  to  be  twice  as  strong  as  the  other.  But  practically 
we  may  make  the  deflections  66°  and  35^°,  as  these  are  more 
convenient  to  adjust  to,  and  tan  65°  is,  within  1',  exactly  double 
tan  35J°. 

If  we  examine  the  theoretical  deflections  64°  44'  and  35°  16'  it 
will  be  seen  that 

64°  44'  -  46°  =  9°  44', 
and 

45°  -  36°  16'  =  9°  44', 

or  in  other  words,  the  angular  deflections  on  either  side  of  45°  are 
in  this  case  the  same.  Let  us  then  see  whether  they  are  so  when 
n  has  any  value  other  than  2. 

The  angular  deflection  between  45°  and  0°  will  be 

0°  -  45°, 
that  between  45°  and  ^°, 

46°-<A°; 

nowtan(e°.46°)  =  ;^^„ 

andtan(45°.^°)  =  L^^; 

but  we  know,  since 

tan  0°  =  Vn  and  tan  A°  =  -7^, 

Vn 

that 

*^^*°  =  tS^°' 
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1  - 


tan  (45°  -  ^°)  = 


tanO" 


14- 


tan  e°  -  1 
1  +  tan  0*" 


tanO" 

tan  (46*'  -  ^°)  =  tan  (0**  -  iS**), 
45°- <^°  =  e''- 46°; 


showing  that  these  angular  deflections  we  the  same  whatever  he 
the  value  of  n. 

This  is  a  very  useful  fact,  as  it  shows  that  when  we  are  making 
a  test  in  which  two  deflections  are  involved  whose  relative  values 
are  unknown,  we  should  so  adjust  the  resistances,  &c.,  that  the 
deflections  are  obtained,  as  near  as  possible,  at  equal  distances,  on 
either  side  of  45°. 

To  sum  up,  then  we  have 

Be9i  Condituma  for  using  the  Tangent  Oalvanometer. 

35.  When  a  test  is  made  in  which  only  one  deflection  is  con- 
cerned, then  that  deflection  should  be  as  near  45°  as  possible. 

If  there  are  two  deflections  to  be  dealt  with,  then  these  should 

be  as  nearly  as  possible  at  equal  distances  on  either  side  of  45°. 

If  one  of  these  deflections  is  to  be  double 

the  other,  then  56°  and  35J^°  are  the  most 

convenient  to  employ. 

Skew  Zero. 

86.  Although  it  is  usual  to  take  the 
readings  on  the  tangent   galvanometer, 
starting  with  the  pointer  at  the  ordinary 
zero,  i.e.  with  the  needle  parallel  to  the 
plane  of  the  ring  or  coils,  yet  it  is  not 
absolutely  necessary  that  this  arrangement 
should  be  adopted ;  the  instrument  can  be 
used  when  the  needle  in  its  normal  posi- 
tion makes  an  angle  with  the  plane  of  the 
Under  the  latter  conditions,  however,  the  current  strength 
not  be  in  direct  proportion  to  the  tangent  of  the  angle  of 
deflection. 

Let  the  dotted  line  AB  (Fig.  17)  represent  the  plane  of  the 


nng. 
will 
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ooilsy  and  let  n  r  be  the  needle  in  its  normal  position,  i.e.  in  the 
plane  of  the  magnetio  meridian ;  also  let  n^  8^  be  the  position 
which  the  needle  takes  np  under  the  inflnence  of  the  current. 
Let  fi^  be  the  angle  which  the  needle  makes  normally  with  the 
ooilsy  Az^d  let  a^  +  iS*'  be  the  angle  through  which  the  needle 
turns  when  deflected  to  the  position  fij  «|. 

Draw  c  d  at  right  angles  to  n^  s^,  making  c  fij  equal  to  n^  d ; 
draw  c  a  and  d  Oj  each  at  right  angles  toed;  also  draw  tij  a  parallel 
to  fi «,  and  ftj  a  at  right  angles  to  A  B.  Now  since  a  n^  is  parallel 
to  n  o,  and  a  e  parallel  to  n^  o,  the  angle  can^  is  equal  to  the  angle 
a®  -f-  /3° ;  also  since  n^  aj  is  perpendicular  to  A  o,  and  n^dis  per- 
pendicular to  n^  o,  the  angle  a^  n^  d  is  equal  to  the  angle  a^  We 
consequently  have 

/  =  /3  cos  a°,  and/  =  /i  sin  (a°  +)8^), 

/3C0Sa°  =  /,  sin(a«+^°), 

_      sin(a-  +  ^)* 
^^'-^^  cosa°  ^^J 

-  sin  a°  cos  /S®  +  sin  )S°  cos  a° 

—  /i  g 

COS  a 

=  /i  (tan  a''  cos  ^S*"  +  sin  /f). 

./,oos^(tana»  +  ^) 

=  /i  COS  /r  (tan  a°  +  tan  j8^). 

So  that  COS  fi^  being  a  constant  quantity,  the  strength  of  a  current 
18  directly  proportional  to  (tan  a^  4-  tan  )8°),  which  is  the  read- 
ing on  the  tangent  scale  (§  29)  if  the  figures  on  the  latter  are 
rearranged  so  that  the  zero  is  at  the  division  at  which  the 
needle  points  in  its  normal  position.t     Fig.  18  shows  a  scale  so 

*  If  the  angle  ^  had  been  on  the  righ^-  instead  of  the  left-hand  side  (as  in 
Fig.  17)  of  the  coils  A  B,  tha  angle  a°  still  being  the  angle  A  o  fij,  then  we  shoald 
have  bad 

-       sin  («**  -  S<>) 

^'"^  0OB«« 

t  It  should  be  pointed  out  that  if  the  needle  does  not  deflect  fh>m  the  zero 
portion  to  the  opposite  side  of  the  ring  or  coils,  then  the  an^le,  a^,  which  it 
makes  with  A  B,  being  on  the  left-hand  side  of  A  B,  must  be  taken  as  negative. 
In  this  case  we  get 

/,  =/i  cos/9*»  (tan  /B°  -  tan  a*»). 

(tan  /3°  —  tan  a^  is  in  this  case  also  the  reading  on  the  tangent  scnle  if  the  figures 
cm  the  latter  are  re-arranged  so  that  the  zero  is  at  the  division  at  which  the  needle 
points  in  its  normal  position. 
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re-arranged,  the  new  figures  being  additional  to  the  old  ones; 
such  a  scale  has  been  adopted  in  the  tangent  instruments  used  for 
testing  purposes  in  the  Postal  Telegraph  Department. 


Fig.  18. 

Apart  from  the  fact  that  the  adoption  of  the  foregoing  "  skew  " 
method  of  using  the  tangent  galvanometer  gives  an  increased  range 
to  the  instrument,  a  considerable  increase  of  sensitiveness  in  the 
case  of  high  deflections  is  also  obtained  by  it,  i.e.  a  current  which 
would  move  the  needle  of  the  instrument  through  a  given  angle 
from  the  old  zero,  will  move  it  through  a  much  larger  angle  from 
the  new  or  "  skew  "  zero.  This,  however,  is  only  the  case  if  the  first 
angular  deflection  in  question  (the  one  from  the  old  zero)  exceeds 
a  certain  value ;  if  it  is  less  than  this  value,  then  the  deflection  for 
a  given  current  will  be  less  from  the  skew  than  from  the  old  zero. 

Let  ^  be  the  angular  deflection  obtained  with  a  given  current 
when  the  needle  is  deflected  from  the  ordinary  zero,  then 

/  =  /,tanr; 

but  if  the  needle  had  been  at  the  skew  zero,  then  with  the  same 
current  we  should  have  had 


therefore 


Bin(a°  +  ^) 
^-■^"^        cos  a"       ' 


cos  a 
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Suppose  we  have  pP  s  60^  and  suppose  tlie  current  to  be  of  such 
a  strength  as  to  turn  the  needle  through  an  angle  of  120^  then  in 
this  case  a°  =  60*^,  and  we  oonsequently  have 

^      ^      sin  120° 
tan  £°  = 


OuB  60°  ' 
but  sin  120°  =  sin  (180°  -  60°)  =  sin  60°,  therefore, 

^      sin  60° 

^        008  60°  • 

or 

r  =  60°; 

that  is  to  say,  the  angle  through  which  the  needle  would  turn 
if  the  zero  were  60°  to  one  side  of  zero,  would  be  twice  what  it 
would  be  if  it  were  deflected  from  the  ordinary  zero. 

The  relative  values  of  the  deflections,  with  a  given  current, 
from  the  ordinary  and  from  the  skew  zero,  approach  nearer  to  an 
equality  in  proportion  as  the  deflections  become  smaller;  at  a 
certain  point  they  become  equal,  and  then  the  relative  values 
become  reversed,  i.e.  for  the  same  current  the  deflection  from  the 
skew  zero  becomes  less  than  the  deflection  from  the  ordinary  zero. 
Let  us  determine  at  what  point  the  deflections  from  the  two  zeros 
become  the  same.    We  have  in  this  case 

sin(a°  +  /3°)      ,        o      8iiia° 

i 5 — -  s  tan  a   =  o, 

cos  a  COS  o 

therefore 

sin  (a°  +  ^)  =  sin  a° ; 

if  now  the  angle  a°  is  negative,  that  is  to  say,  if  the  angular  deflec- 
tion from  the  skew  zero  is  less  than  the  angle  /8°,  then  we  have    . 


or 

that  is 
or 


that  is  to  say,  whatever  be  the  angle  fP  (the  angular  distance  of 
the  skew  from  the  ordinary  zero)  then  a  current  sufficient  to  move 

the  needle  a  distance  of  ^  from  the  ordinary  zero  would  move  the 


sin 

C8°- 

o")  =  Bin 

a". 

^- 

a°  =  «°, 

/8° 

=  2o°. 

o« 

-f' 
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needle  the  same  distance  from  the  skew  zero.    If  the  deflection  from 

the  old  zero  he  less  than  ^,  then  the  deflection  from  the  skew  zero  loiZZ  he 

less  stilly  60  that  there  is  no  advantage  in  the  use  of  the  skew  zero 

unless  the  deflections  exceed  ^ . 

2 

From  what  has  been  proved,  it  is  obvious  that  the  greater  we 
make  fiP  the  greater  will  be  the  deflection  obtained  with  a  given 
current,  but  there  is  a  practical  limit  to  increasing  /3°,  for  the 
larger  we  make  the  latter  the  more  does  the  deflective  action  of 
the  coil  tend  to  act  in  a  direction  parallel  but  opposite  to  the 
earth's  magnetism,  the  consequence  being  that  the  resultant  of 
the  two  forces  is  a  comparatively  small  quantity,  and  the  friction 
of  the  pivot,  &o.,  prevents  the  needle  from  settling  down  to  the 
true  angle  representing  the  force  of  the  current.  Under  such  con- 
ditions large  errors  in  the  readings  may  result.  Were  it  not  for 
this  fact  the  instrument  would  increase  in  actual  sensitiveness  up 
to  the  point  at  which  fiP  =  90^,  at  which  point  the,  needle  would 
not  move  unless  acted  upon  by  a  current  exceeding  in  deflective 
force  the  intensity  of  the  earth's  magnetism ;  when  the  current 
exceeded  this  value  the  needle  would  swing  completely  round 
through  an  angle  of  180°. 

37.  What  is  the  angle  of  maximum  sensitiveness  in  the  case  of  a 
tangent  galvanometer  with  a  skew  zero  ?  Beferring  to  page  26, 
it  is  obvious,  since  the  current  strength  is  in  proportion  to  tan 
a^^  +  tan  )3°,  that  equation  (A)  on  the  page  referred  to  becomes 

tan  (ai°  +  y*)  +  tan /r  =  ^  (tan  a^^  +  tan/T), 
or 

tan  (ai**  +  5°)  =  ^  (tan  a^^  +  tan  /3°)  -  tan^. 

Now  we  have  to  make  ^  a  maximum,  supposing  that  the  foregoing 
equation  holds  good. 

Since  ^  is  to  be  a  maximum,  tan  SP  must  also  be  a  maximum. 

Now 

(tana,  +y>)=  ^_^^-^-^  =  -^  (tan  a, 

+  tanj8°)-tanj8°, 
therefore 

tan  ai°  +  tan  a°  =  j-^  (tan  a^^  +  tan  )8°)  -  tan  /3^1 
[1  -  tanoi°tan8°], 
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therefore 

tan  S°  fl  +  ^  tan  a^^  (tan  ai°  +  tan  fiT)  -  tan  a^^  tan  fin 

=  (tana,°  +  tan)8°)(§-l), 
therefore 

(tana»<'  +  tan/3°)(§-l) 


tan  8^  = 


1  -  tan  tti"  tan  j8"  +  ^  tan  o,°(tMi  oi"  +  tan  fif) 
0 


-T-tana,-tanJ      C,  ' 

tan  ai°  +  tan  )8°   f  ^  ««^  «i 

We  have  then  to  find  what  value  of  tan  a^^  makes  this  firaotion 
a  mazimnm,  and  this  we  shall  do  byifinding  what  value  makes 
the  denominator  of  the  fraction  a  minimum.     Let  tan  oj^  =  a, 

tan  fi^  ^h^  and  |~  =  ic,  then  we  have  to  determine  what  value  of 

a  makes 

I  -ah 

TT6  +"^ 


a  minimam. 

Now 

/I  +  V' 
1  -ab  ,                /     ,  IN    ,        V       « 

2 

+  2^K(l+b*)-b(K  +  l), 

and  this  will  Im  a  minimnm  when 

that  isy  when 

.oVii^^ 

D  a 
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n 

but  as  Cx  and  C  are  ultimately  equal,  --^,  that  is  k,  becomes  equal 

to  1,  therefore 
therefore 
therefore 
therefore 

that  is 

or 

therefore 

or 


o  +  6  =  Vl  +h\ 

2a6=:l  -a^ 
,        1  -a^ 


2a 


^o       1  —  tan'  a,°  ^  o     o 

tan  )8°  =  -^- ^  =  oot  2  o^^, 

'^  2  tan  aj 

cot(90°-i8°)  =  oot2ai°, 
90°- j8^  =  2ai°, 


Since  j8°  cannot  be  greater  than  90°,  or  less  than  0°  (unless 
it  has  a  negative  value),  we  see  that  a^^  must  lie  between  the 
ordinary  zero  and  45°  from  it.  In  the  case  of  a  galvanometer 
where  /8°  =  60°  we  have 

a,°  =  46°-^  =  15°, 
that  is  (60°  +  16°),  or  75°,  from  the  skew  zero. 

38.  In  order  that  a  tangent  galvanometer  when  used  in  the 
ordinary  way  may  give  accurate  results,  it  is  obviously  necessary 
that  the  magnetic  needle,  or  rather  the  magnetic  asis  of  the  same, 
be  strictly  parallel  to  the  magnetic  plane  of  the  coils,  that  is  to 
say,  the  angle  j8°  must  be  equal  to  nothing.  When  the  latter  is 
the  case,  the  angular  deflection  for  a  given  current  should  be  the 
same  to  whichever  side  of  zero  the  needle  is  deflected.  If  it  is 
found  that  these  deflections  are  different,  we  can  determine  from 
the  two  results  what  is  the  magnitude  of  the  angle  /3°  (Fig.  17, 
page  30).  Beferring  to  this  figure,  let  6i°  be  the  angular  move- 
ment of  the  needle  from  its  position  of  rest,  then 
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or 

therefore  from  equation  (A)  (page  31),  we  can  see  that  in  this  case 
-  _  -        sinei^ 

-^*""-^'cob(V-:^)' 

If  the  same  current  is  now  sent  in  the  reverse  direction,  and 
the  angular  movement  of  the  needle  from  its  position  of  rest  is 
02^  we  have 

f  ^  f         pin  ^2° 

therefore 

Kin  ^1°        _        sin  e^ 

therefore 

sin  9i°  _  sin  S^^  

cose/"  cos  fif"  +~8in  $1*"  sin  ^S**  ""  cos  Oj^'cos  )8°^^8ina/  mn"^° ' 

therefore 

cot  Oj^  COS  /3°  +  sin  /r  =  cot  0/  cos  )8°  -  sin  /3^, 

therefore 

cot  ©1°  +  tan  j8°  =  cot  ea"*  -  tan  /T, 

that  is 

2  tan  )8°  =  cot  O^""  -  cot  dj^, 

or 

♦«« /JO      cot ea"* -cot 01° 
tan^  =  -    -a  -^     -       . 

that  is,  ^  must  be  an  angle  whose  tangent  is ^-^ ^  • 

To  make  then  the  instrument  read  correctly,  the  graduated  dial 
plate  would  have  to  be  turned  round  through  the  angle  )3°,  in  the 
direction  in  which  the  needle  moved  when  the  largest  of  the  two 
deflections  was  obtained ;  the  zero  point  will  then  be  correctly  set» 
and  the  tangent  of  the  angle  .of  deflection  taken  from  this  zero 
will  represent  directly  the  current  strength.  When  the  needle 
is  provided  with  a  pointer,  the  simplest  method  of  making  the 
correction  is  to  bend  the  pointer  as  explained  in  §  30  (page  25), 
until  equal  readings  are  obtained,  with  the  same  current,  on  both 
sides  of  zero. 


Digitized  by  VjOOQ  IC 


38  HANDBOOK  OF  ELECTRICAL  TESTING. 


The  Qauqain  Qalvanometeb. 

39.  A  form  of  tangent  galvanometer,  which  is  in  very  general 
use  for  lecture  and  educational  purpoaee,  is  shown  by  Fig.  19. 
This  instrument  is  known  as  the  QaugcUn  galvanometer,  though 
actually,  it  is  a  modification  by  Helmholtz  of  the  original  instru- 
ment of  Gkiugain.  It  was  shown  by  the  latter,  that  if  the  mag- 
netic needle  were  suspended,  not  at  the  centre  of  the  coil,  but  at 


Fig.  19. 

a  point  on  the  axis  at  a  distance  from  the  centre  equal  to  half 
the  radius  of  the  coil,  then  the  chief  error  due  to  the  magnetic 
needle  not  being  infinitely  short,  disappears.  Helmholtz  improved 
upon  this  arrangement  by  placing  a  second  coil,  similar  to  the 
first,  at  an  equal  distance  on  the  other  side  of  the  magnet;  by 
this  means,  the  error  due  to  the  centre  of  the  magnetic  needle 
not  being  truly  at  the  point  indicated  by  Gaugain,  is  got  rid  of. 
In  order  that  the  ratio  between  the  diameter  of  the  coil  to  its 
distance  from  the  centre  of  the  magnet  may  be  preserved  with 
reference  to  every  turn  of  which  the  coil  is  composed,  these  turns 
should  be  wound  on  a  conical  surface  as  in  the  instrument  shown 
by  Fig.  19.    It  is  pointed  out  by  Clerk  Maxwell,  however,*  that 

•  •  Electricity  and  Magnetiam,'  by  J.  Olerk  Maxwell,  vol.  ii.  p.  318. 


Digitized  by 


Google 


GALVANOMETERS.  39 

sQcli  a  method  of  winding  is  quite  unnecessary,  as  the  conditions 
may  be  satisfied  by  coils  of  a  rectangular  section,  wbich  can  be 
constructed  with  far  greater  accuracy  than  coils  wound  on  an 
obtuse  cone. 


The  Trowbridge  or  Obach  Galvanometer.* 

40.  In  this  galvanometer,  which  is  shown  by  Fig.  20,  the  ring 
instead  of  being  fixed  as  in  the  ordinary  tangent  instrument  is 


Fig.  20. 

movable  about  an  horizontal  axis;  by  this  means  the  deflective 
action  of  the  ring  on  the  needle  can  be  reduced  from  the  full 

*  This  instrument,  although  generally  known  as  the  *<  Obaoh  **  Oalvanometer, 
and  indeed  invented  independently  hy  the  late  Dr.  £.  Obaoh,  was  fally  described 
by  Professor  John  Trowbridge  in  the  '  Amerioan  Journal  of  Science  and  Arts,*  in 
Aagust  1871,  and  called  by  that  gentleman  a  **  Coeine  **  galvanometer. 
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e£feot  (when  the  ring  is  ii^  the  usual  vertical  position)  down  to 
zero  (when  the  ring  is  in  an  horizontal  position),  so  that  the 
intttmment  has  a  very  wide  range,  a  range  which  in  practice  is 
100  times  as  great  as  that  of  an  ordinary  tangent  galvano- 
meter, thus  enabling  either  weak  or  very  powerFol  currents  to 
be  measured. 

The  efifect  of  setting  the  ring  at  an  angle  to  the  vertical 
position  is  as  follows; — 

In  Fig.  21,  let  a  5  be  the  vertical  position  of  the  ring,  and  a^  b^, 
the  latter  when  inclined  at  an  angle  ^^    Draw  a^  c  at  right  angles 
to  a^  &^,  and  a^  d  at  right  angles  to  a  6,  then 
the  angle  r,  a^  d  equals  the  angle  ^°. 

Now  if  e  a^,  that  is  f^  represents  the  mag- 
netic force  of  the  ring  when  the  latter  is 
traversed  by  a  current,  this  force  being  at  right 
angles  to  the  ring,  then  a^  d,  that  is  /j,  will  be 
the  resolved  force  at  right  angles  to  the  vertical 
a  6.    We  have  then 

•J  =  sec  ^^ 

/,=/3BeCl/r°; 


or 


Fig.  21. 


that  is  to  say,  the  magnetic  force  of  the  ring  is 
equal  to  its  deflective  force  on  the  needle  multi- 
plied by  the  aeeant  of  the  angle  at  which  the  ring  is  set.  But 
the  magnetic  force  of  the  ring  is  in  direct  proportion  to  the  current 
strength,  and  the  resolved  deflective  force  is  in  direct  proportion 
to  the  tangent  of  the  angle  of  deflection  (a^)  of  the  needle  of 
the  instrument.  Hence  the  strengths  of  currents  drculating  in  the 
ring  are  directly  proportional  to  the  tangents  of  the  angles  of  deflection 
of  the  needle  multiplied  by  the  respective  secants  of  the  angles  of 
inclination  of  the  ring ;  or  we  may  say 

G  =  tan  a^  X  sec  ^^  X  a  constant. 

It  must  be  obvious  that  there  are  several  ways  in  which  the 
instrument  can  be  used.  In  the  first  place  it  can  be  made  use  of 
as  an  ordinaiy  tangent  galvanometer,  the  ring  being  set  at  such 
an  angle  as  woold  cause  the  deflection  obtained  to  be  brought  as 
nearly  as  possible  in  the  neighbourhood  of  45^  (the  angle  of 
maximum  sensitiveness) ;  the  current  strengths  in  this  case  would 
of  course  be  directly  proportional  to  the  tangents  of  the  angles  of 
deflection. 
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Agam,  the  ring  oould  be  moved  so  that  the  same  defleofcion  of 
the  needle  is  obtained  with  each  cnrrent  being  measured;  in 
thlH  case,  the  cnrrent  strengths  will,  of  course,  be  directly  pro- 
portional to  the  secants  of  the  angles  at  which  the  ring  had  to 
be  set  in  the  different  cases.  Inasmuch  as  the  adjustment  of  the 
position  of  the  ring  is  dependent  upon  the  observation  of  the 
movement  of  needle,  it  is  best  to  arrange  that  the  latter  shall 
point  as  nearly  as  possible  at  the  angle  of  maximum  sensitiveness, 
i.e.  at  45". 

The  *'  equality  "  method  of  using  the  instrument  consists  in 
moving  the  ring  until  it  is  found  that  the  angular  deflection  of 
the  needle,  and  the  angles  through  which  the  coil  has  been  turned 
are  the  same ;  in  this  case  we  get 

0  =  tan  i/r°  X  sec  ^°  X  a  constant. 

As  only  a  single  angle  has  to  be  dealt  with  for  a  particular 
measurement,  the  products  of  tangents  and  secants  can  be  calcu- 
lated beforehand  and  embodied  in  a  table. 

In  the  ordinary  tangent  galvanometer,  the  deflective  action  of 
the  ring  acts  in  the  same  plane  as  that  in  which  the  needle  turns ; 


Fio.  22. 


but  in  the  Obach  instrument,  the  deflective  force,  being  at  an 
angle  with  this  plane,  tends  to  make  the  needle  dip  when  the  rins; 
is  inclined.  In  order  to  avoid  this  tendency,  the  arrangement 
shown  by  Fig.  22  is  adopted  by  Dr.  Obach.    The  needle  n  «  is 
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fixed  near  to  the  upper  end  of  a  thin  vertical  axis  a  6,  the  lower 
end  of  the  latter  being  provided  with  a  cylindrical  brass  weight  to. 
This  weight  offers  but  little  additional  momentum  to  the  whole 
system  round  the  vertical  axis,  whilst  the  movement  round  the 
horizontal  axis  is  completely  prevented.  The  aluminium  pointer 
p  9,  is  situated  in  the  same  plane  as  the  scale ;  the  ends  are  flat- 
tened  and  provided  with  a  fine  slit,  which  serves  as  an  index  for 
reading  the  deflections ;  the  bottom,  of  the  box  in  which  the  needle 
turns  being  blackened,  the  reading  can  be  taken  without  parallax, 
and  therefore  very  accurately.  The  magnetic  needle  n  «,  has  a 
biconical  shape,  which  entirely  prevents  the  shifting  of  the  mag- 
netic axis  from  its  original  position,  as  was  sometimes  found  to  be 
the  case  with  the  old  broad  needles.  Adjustments  are  provided 
by  which  the  cocoon  fibre  /,  serving  to  suspend  the  needle,  can  be 
raised  or  lowered,  as  well  as  accurately  centred. 

In  order  to  damp  the  oscillations  of  the  needle,  a  shallow 
cylindrical  box,  about  8  centimetres  in  diameter  and  1^  centi- 
metres deep,  is  provided ;  this  box  has  two  radial  partitions  which 
can  be  slid  in  or  out ;  the  axle  of  the  needle  passing  through  the 
centre  of  this  box,  carries  a  light  and  closely  fitting  vane.  By 
sliding  the  partitions  more  or  less  into  the  box,  various  degrees  of 
damping  can  be  obtained ;  and  if  they  are  right  in,  the  motion  is 
practically  dead  beat. 

The  scale  over  which  the  needle  turns  is  provided  with  degree 
and  also  with  tangent  divisions.  The  scale  fixed  to  the  ring 
enables  the  inclination  of  the  latter  to  be  read  to  -j^^th  of  a  degree ; 
this  scale  is  also  engraved  with  secant  divisions,  so  as  to  avoid  the 
necessity  of  reducing  the  degrees  to  secants  by  means  of  a  table. 
In  order  to  enable  the  ''coustaiit"  of  the  instrument,  i.e.  the 
deflection  due  to  a  given  current,  to  be  made  the  same  at  any  place 
when  the  instrument  is  being  used,  an  auxiliary  magnet  (seen  in 
the  figure)  is  placed  at  the  side  of  the  instrument ;  this  magnet 
can  be  turned  round  an  horizontal  axis  passing  through  its  neutral 
point  and  the  centre  of  the  needle,  and  is  at  right  angles  to  the 
diameter  on  which  the  ring  is  turned.  This  magnet  does  not 
affect  the  zero  position,  and,  moreover,  if  placed  exactly  vertical 
with  its  magnetic  axis,  it  does  not  alter  the  original  constant, 
which  then  only  depends  upon  the  horizontal  terrestrial  com- 
ponent, more  or  less  modified  by  the  surroundings;  but  if  it 
is  dipped,  the  horizontal  force  acting  on  the  needle  is  either 
augmented  or  diminished,  according  to  the  direction  in  which  the 
magnet  is  turned,  and  to  the  amount  of  dip  given. 

The  ring  of  the  instrument,  it  should  be  mentioned,  is  of  gun- 
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metal*  and  servoB  for  the  purpose  of  measuring  strong  currents, 
whilst  fine  wire  wound  in  a  groove  in  the  ring  enables  weaker 
onrrents  also  to  be  measured.  The  relative  values  of  the  deflective 
actions  of  the  ring  and  of  the  fine  wire  upon  it,  are  so  adjusted 
that  a  current  of  1  ampere  through  the  ring  gives  exactly  the 
same  deflection  as  an  electromotive  force  of  1  volt  at  the  terminals 
of  the  fine  wire. 
Since  we  have 

0  =  tan  a^  X  sec  i/r^  X  a  constant 

we  can  easily  see  if  any  particular  instrument  is  properly  made 
and  the  scales  correctly  graduated ;  for  if  we  pass  a  constant  cur- 
rent through  the  ring,  and  set  the  latter  at  diflerent  inclinations, 
then  the  products  of  the  secants  of  the  angles  of  inclination  of  the 
ring  and  the  tangents  of  the  corresponding  angles  of  deflection 
obtained,  should  be  the  same  in  every  case. 


Mbthoo  of  Beading  Galvanometer  Deflections. 

41.  The  reading  of  galvanometer  deflections  requires  consider- 
able method,  in  order  that  accurate  results  may  be  obtained  in 
making  measurements. 


BA 


Defl6etion=A.        Defleotion  =  Af        Deflection = A}.        Defleetion=A}. 

Fia  2a. 


Let  A  and  B  (Fig.  23)  be  two  contiguous  division  marks  on 
the  galvanometer  scale.  Now,  by  observation,  we  can  always 
determine  without  difficulty  whether  the  pointer  lies  exactly  over 
A  or  over  B,  or  whether  it  lies  exactly  midway  between  the  two ; 
and  further,  if  it  does  not  occupy  either  of  these  exact  positions, 
we  can  judge  without  difficulty  whether  it  lies  nearest  to  A  or 
to  B.    This  is  equivalent  to  saying  that  we  can  be  certain  of  the 
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magnitude  of  the  deflection  within  a  guarU  r  of  a  degree.  Thns^ 
suppoaing  the  pointer  stood  between  A  and  B,  but  nearer  to  A 
than  to  B,  then  we  should  call  the  deflection  *^  A^/'  and  supposing 
the  deflection  was  actually  very  nearly  equal  to  A,  then  A^  would 
be  a  quarter  of  a  division,  or  degree,  too  much ;  if,  on  the  other 
hand,  the  deflection  was  very  nearly  equal  to  Aj^,  then  A^  would 
be  a  quarter  of  a  division,  or  degree,  too  little.  In  one  case  the 
error  would  be  a  plus  one,  and  in  the  other  a  minus  one ;  but  in 
either  case  its  vMximum  value  would  be  i  only.  We  have,  in  fact, 
the  rule  that — if  A  be  the  smaller  of  two  contiguous  deflections 
A  and  B,  then  when  the  pointer  is  exactly  over  A,  the  deflection 
should  be  called  ^<  A  " ;  if  nearer  to  A  than  to  B,  then  it  should  be 
called  *'A^";  if  exactly  midway  between  A  and  B,  it  should 
be  called  **  Aj^  " ;  and  lastly,  if  the  pointer  is  nearer  to  B  than  to  A, 
then  the  deflection  should  be  called  "  A| " —  ;  thus,  for  example, 
if  A  and  B  (Fig.  23)  were  the  57°  and  58°  division  marks  respec- 
tively on  the  scale ;  then  in  case  1  the  deflection  would  be  taken 
as  57° ;  in  case  2  the  deflection  would  be  taken  as  57^° ;  and  again, 
in  cases  3  and  4  the  deflections  would  be  taken  as  57j^°  and  57|° 
respectively.  By  keeping  to  these  instructions,  then,  we  can  be 
sure  of  the  magnitude  of  a  deflection  within  ^  of  a  division  or 
degree. 

42.  If  we  are  making  a  measurement  with  a  tangent  galvano- 
meter and  we  read  from  the  degrees  scale,  and  if  we  have  two 
deflections  to  deal  with,  one  of  which  is  to  be  a  proportional  part 
of  the  other  (usually  one-hdf),  then,  after  the  first  deflection  has 
been  observed  it  has  to  be  reduced  to  a  tangent,*  and  then  the 
latter  being  divided,  say,  by  two,  the  corresponding  deflection  is 
ascertained  from  the  tangent  table ;  the  resistances,  &c.,  are  then 
adjusted  till  the  required  second  deflection  is  as  nearly  as  possible 
obtained.  If  we  find  that  the  halved  tangent  does  not  exactly 
correspond  to  a  deflection  in  the  table,  then  we  must  take,  say, 
the  nearest  deflection  below  the  exact  value,  and  then  take  care  to 
adjust  so  that  the  deflection  of  the  pointer  is  a  litte  above  that 
angle.   Thus  suppose  the  first  deflection  to  be  58^,  then  the  tangent 

of  58°  is  1-6003,  and  — ~ —  =  -8001 ;  now  the  nearest  number 

2 

below  this  in  the  table  is  *  7954,  which  is  the  tangent  of  38j^ ;  in 

adjusting  the  deflection,  therefore,  we  should  take  care  that  we 

get  it  rather  more  than  38.]^. 

•  Table  I. 


Digitized  by  VjOOQ  IC 


GALVANOMETEKS.  45 

Degree  of  Acowraey  aUainatie  in  reading  Ocdvanometer  Defleetione. 

43.  If  the  galvanometer  scale  be  bo  graduated  that  the  number  of  divieiont  of 
deflection  directly  represent  the  proportionate  strengths  of  the  ooirents  producing 

thoee  deflections,  then  an  error  of,  say  -th  of  a  division  in  d  divisions  will  repre- 
sent a  percentage  error,  y,  in  the  strength  of  the  current  represented  by  d,  which 
is  given  by  the  proporti(«i 

y:i::100:d, 
or 

^  X  100 

7  = 2 P®'  ^^^  C*^] 

If^  bowerer,  the  instrument  be  a  tangent  galvanometer,  and  the  deflection  be  read 
from  the  degrees  scale,  then  an  error  of  -  in  <r  will  not  represent  an  error  of 

!1  V  inn 

-per  cent,  for  in  this  case  we  must  have  the  proportion 


d9 

7,  :  tan  dJI  -  tan  cT*  :  :  100  :  tan  d°, 

ot 

(ton  d^'  -  tan  d)  100      /tan  d^       \ 

>.  = Vn-5^ =  \i^  -  V  1^  P^'^"^'-         [B] 

For  example. 

If  the  deflection  d  were  46  divisions,  then  |  of  a  divinion  error  (-)  would  be 

an  error,  y^  of 

-  ijcjoo  _  ,^  ^^ 

'  46  ^ 

in  the  current  strength  represented  by  the  deflection  d ;  but  if  the  deflectiun  were 
46°,  then  }°  error  would  be  an  error,  7,,  of 

in  the  current  strength. 

44.  In  cases  where  we  have  two  deflections  to  deal  with,  one  of  which,  or  the 

tangent  of  one  of  which,  has  to  be  7th  (usually  })  of  the  other,  then  after  we  haye 
aflcertained,  as  accurately  as  we  can  judge,  the  magnitude  of  the  flrst  deflection 
d,  the  latter  (or  the  tangent  of  the  latter)  is  divided  by  n,  and  then  the  resist- 
ances, Ac,  in  the  circuit  of  the  galvanometer  are  adjusted  until  the  deflection  - 

(tan  d\ 
or  the  deflection  corresponding  to j  is  obtained  as  accurately  as  possible. 

Now,  in  adjusting  to  this  latter  deflection,  we  are  liable  to  make  a  plus  or  minus 

error  of  -^th  of  a  division  or  degree  as  in  the  first  case,  and  as  -  (or  tan  -j  may 

itself  contain  an  error  due  to  d  being  -th  of  a  division  or  degree  wrong  in  the 

first  instance,  the  new  deflection  may  be  more  than  -;;;th  of  a  division  or  degree 
out.  What  then  is  the  *'  total  possible  percentage  of  error  which  may  exist  in 
the  second  deflection  "  ? 

Now  the  abeoluU  error  which  may  be  made  in  the  two  deflections  must  be  the 
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same  in  both  oaaes,  yiz.  1,  bnt  the  percentage  valae  of  the  latter  will  be  directly 

proportioDftl  to  the  Talae  of  the  defleotioiis;  thus  a  |  division  error  in  50  divi- 
nons  IB  a  }  per  cent,  error,  bat  a  |  per  cent,  error  in  25  divisionB  is  a  1  per  cent 

error;  in  fact,  if  7  be  the  pereentage  error  (conesponding  to  the dbeohde  enor  ~) 
in  d  divisions,  then  117  will  be  the  percentage  error  (corresponding  to  the  abso- 

late  error  -)  in  -  diyisions.    Now,  if  d  contains  a  pereentage  error  7,  then  - 
•*'       »  n 

mnst  also  contain  a  percentage  error  7;  consequent! j,  if  we  make  a  percentage 

error  of  117  in  -  when  d  aheady  oantsins  a  percentage  error  7,  then  -  mnst 

contain  a  total  percentage  error,  r,  of 

r  =  7  +  n7  =  7(l  +  »);* 
or  since 

^X  100 

^  =  — d-' 
we  get 

-X  100 
r  =  =-^— (l+n).  [C] 

(1)  ForexampiU. 

If  d  and  ^  were  58  divisions  and  }  division,  respectively,  and  farther,  if  the 
deflection  d  had  to  be  halved,  that  is,  if  11  s=  2,  then  we  shonld  get 

r  =  i~^  X  8  =  1-8  per  cent. 

If  we  haye  to  deal  with  degreee  of  deflection  instead  of  divisions,  then  in  the 
case  of  a  tangent  galvanometer  we  should  haye 

/tand^        \  ,         /tand,^        \ 

/tan<^      tandil^       \ 

where 

^      -o      tan<r 

tan  d,®  = 

n 

(2)  For  example. 

If  d?,  -,  and  n,  were  58^,  i^,  and  2,  respectively,  then  we  should  Lave 
tan  d,°  =  ^^-  =  -8001  {=  tan  381°), 


therefore 


.        /1-6160  .    -8026      „\,^^      ,  „ 


*  Strictly  speaking,  this  is  not  absolutely  correct,  for  it  assumes  that  the 
second  percentage  should  be  calculated  on  -,  whereas  it  ought  to  be  calculated  on 

;  but  as  -  is  small  compared  with  d,  the  consequent  error  is  small  also. 
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It  may  be  pointed  ont  that  this  last  example  shows  the  possible  percentage  of 
error  which  m&j  oocnr  when  making  a  halved  current  test  with  the  tangent 
galvanometer  under  the  best  possible  conditions.  Practically,  therefore,  we  may 
say  that  under  no  possible  oonditions  could  the  deflection  error  in  a  halved 
ouirent  test  be  regarded  as  being  less  than  1|  per  cent  As  will  be  seen  when 
we  oome  to  consider  such  tests,  other  sources  of  error  are  met  with  which  still 
further  reduce  the  degree  of  accuracy  with  which  the  tests  can  be  made. 

45.  Although  in  formnln  [B]  and  [D]  the  function  of  the  deflections  has  been 
taken  as  the  tangent,  yet  the  formula  apply  equally  well  in  cases  where  the 
current  strengthB  are  proportional  to  any  other  function  of  the  deflections. 

Caubeation  of  Galvanometers.* 

46.  The  doTiations  in  degrees  of  the  needle  of  a  galvanometer 
which  is  not  of  the  tangent  form  are  not  generally  proportional 
to  any  simple  function  of  those  degrees,  yet  it  is  easy  to  determine 
the  rehttive  Talnes  of  the  deflections  in  terms  of  the  currents 
which  would  produce  them,  that  is,  to  calibrate  the  scale.  In 
order  to  do  this,  it  is  simply  necessary  to  join  up  in  circuit  with 
the  galvanometer,  a  battery,  a  set  of  resistance  coils,  and  also  a 
galvanometer,  the  values  of  whose  deflections  are  known  (a  tangent 
galvanometer,  for  example).  This  being  done,  and  the  galvano- 
meters being  set  so  that  their  needles  are  at  zero,  we  insert 
sufficient  resistance  in  the  circuit  to  reduce  the  deflection  in  one 
of  the  instruments  to  1^,  and  then  by  means  of  a  *'  shunt " 
(Chapter  lY.)  we  also  reduce  the  deflection  of  the  needle  of  the 
second  galvanometer  to  1°.  We  now  reduce  the  resistance  in  the 
circuit  step  by  step  so  as  to  produce  deflections  of  1^,  2^,  3^  4^ 
&c,  from  the  needle  of  the  galvanometer  whose  scale  is  required 
to  be  calibrated.  As  each  deflection  is  obtained  we  observe  and 
note  the  corresponding  deflection  on  the  tangent  instrument. 
When  the  whole  range  of  the  scale  (or  as  much  of  it  as  is  con- 
sidered necessary)  of  the  instrument  under  calibration  has  been 
gone  through,  we  can  construct  a  table  for  use  with  it  by  writing 
down  opposite  the  various  degrees  of  deflection  the  tuigents  of 
the  deflections  which  were  obtained  on  the  tangent  instalment, 
and  which  corresponded  to  the  deflections  in  question.  The  table 
so  oanstmcted  would  be  used  precisely  in  the  same  way  as  would 
the  table  of  tangents  in  the  case  of  a  tangent  galvanometer,  the 
use  including,  it  may  be  remarked,  the  determination  of  the  per- 
centage value  of  an  error  in  a  deflection.  It  may  also  be  remarked 
that  the  angle  of  maximum  sensitiveness  would  be  the  deflection 
which  was  obtained  when  the  needle  of  the  tangent  instrument 
pointed  to  46**. 

*  See  alBO  Index. 
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The  Thomson  Oalvanometib. 

47.  The  accuracy  with  which  measurements  can  be  made 
depends  chiefly  upon  the  sensitiveness  of  the  galvanometer  em* 
ployed  in  making  those  measurements.  The  Thomson  mirror 
galvanometer  supplies  this  requisite  sensitiveness,  and  is  the 
instrument  which  is  almost  invariably  employed  when  great 
accuracy  is  required,  and  also  when  very  high  resistances  have  to 
be  measured. 

Principle. 

48.  The  principle  of  the  instrument  is  that  of  employing  a 
very  light  and  small  magnetic  needle,  delicately  suspended  within 
a  large  coil  of  wire,  and  of  magnifying  its  movements  by  means 
of  a  long  index  hand  of  light.  This  index  hand  is  obtained  by 
throwing  a  beam  of  light  on  a  small  mirror  fixed  to  the  suspended 
magnetic  needle,  the  ray  being  reflected  back  on  to  a  graduated 
scale.  This  scale  being  placed  about  3  feet  distant  from  the 
mirror,  it  is  obvious  that  a  very  small  angular  movement  of  the 

mirror  will  cause  the  spot  of  light 
^  reflected  on  the  scale  to  move  a 

J>1._  considerable  distance  across  it. 

The  needle  being  very  small, 
and  being  placed  in  the  centre 
of  a  large  coil,  the  tangents  of 
its  deflections  are  approximately 
directly  proportional  to  the 
strength  of  the  currents  pro- 
ducing them. 


O 

X 


YiQ,  24.  I^  ^ig'  24,  let  L  be  a  lamp 

which  throws  a  beam  upon  the 
mirror  m,  which  has  turned  through  a  small  angle,  and  reflected 
the  beam  on  the  scale  at  D.  Let  d  be  the  distance  through  which 
the  beam  has  moved  on  the  scale  from  the  zero  point  at  L,  and 
let  I  be  the  distance  between  the  scale  and  the  mirror.  Now  the 
angle  through  which  the  beam  of  light  turns  will  be  twice  the 
angle  through  which  the  mirror  turns ;  this  is  clear  if  we  suppose 
the  mirror  to  have  turned  through  45^  when  the  reflected  beam 
will  be  at  90^  or  at  right  angles  to  the  incident  beam.    If,  then, 

we  call  a^  the  angle  through  which  the  beam  of  light  turDs,  ~ 

2 

will  be  the  angle  through  which  the  mirror  will  have  turned. 
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Let  G  be  the  strength  of  cnrrent  producing  the  deflection,  then 

C  =  tan  y  K, 

where  k  is  a  constant  whose  value  depends  on  the  make  of  the 
galvanometer,  therefore 

^       VrTtan^^-  1 
^  = te^a° '^' 

Vl  -(-  tan*  being  positive,  as  the  angles  are  less  than  90^. 

I  being  the  distance  of  the  scale  from  the  mirror,  let  d  be  the 
distance  traversed  on  the  scale  by  the  beam  of  light,  then 


tan  a°  =  y, 


therefore 


1 


or 


C=  yl K, 

a 
1 


c  =  \Wp  +  d^^i)K.  LA] 


d 

If  we  expand  V/^  +  d*  by  the  binomial  theorem,  we  get 

=(-'-^+---)fr  m 

d^ 
If  I  is  large  compared  with  d^  all  the  terms  beyond  j-=^  may 

be  neglected  without  introducing  any  sensible  error ;  hence  we  see 
that  C  is  proportional  to  d  corrected  by  subtracting  the  quantity 

~-j2  froi*^  it. 

For  example. 

A  deflection  of  300  divisions  is  obtained  on  the  scale  of  a 
reflecting  galvanometer,  the  distance  of  whose  mirror  from  the 
centre  of  the  scale  is  1500  {I),    What  is  the  corrected  deflection  ? 

300' 

Corrected  deflection  =  300  — rT:rr;i 

4  X  ItiOO^ 

=  300  -  3  =  297  divisions. 
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It  should  be  stated  that'  formula  [B]  ceases  to  be  approxi- 
mately accurate  if  the  deflections  are  more  than  about  ^th  of  l. 
If  this  proportion  is  exceeded  it  is  best  to  employ  the  accurate 
formula  [A],  which,  to  be  in  a  similar  form  to  [B],  should  be 
written 

that  is  to  say,    ,  (vr^-f-eP  —  Z)i8  the  corrected  deflection. 

If  the  deflections  to  be  compared  are  either  both  small,  or  if 
they  are  large  and  do  not  differ  greatly,  then  we  may  t^ke  the 
deflections  themselves  as  representative  of  the  currents  producing 
them,  no  corrections  being  necessary ;  this  is  what  is  usually 
done. 

Description, 

49.  The  galvanometer,  as  usually  constnicted,  consists  essen- 
tially of  a  very  small  magnetic  needle,  about  three-eighths  of  an 
inch  long,  fixed  to  the  back  of  a  small  circular  mirror,  whose 
diameter  is  about  equal  to  the  length  of  the  magnet.  This 
mirror,  which  is  flat  and  is  formed  of  microscopic  glass,  is  sus- 
pended from  its  circumference  by  a  cocoon  fibre  devoid  of  torsion, 
the  magnetic  needle  being  at  right  angles  to  the  fibre.  The 
mirror  is  plckced  in  the  axis  of  a  large  coil  of  wire,  which  cora- 
j'letely  surrounds  it,  so  that  the  i:eedle  is  always  under  the 
influence  of  fhe  coil  at  whatever  angle  it  is  deflected  to.  A  beam 
of  light  from  a  lamp  placed  behind  a  screen,  about  three  feet 
distant  from  the  coil,  passes  through  a  lens,  falls  on  the  mirror, 
and  is  reflected  back  on  to  a  graduated  Kcale  placed  just  above  the 
point  where  the  beam  emerges  from  the  lamp.  The  scale  is,  as 
we  have  belore  said,  straight,  and  is  usually  graduated  to  360 
divisions  on  either  side  of  the  zero  point. 

It  is  not  absolutely  necessary  that  the  working  zero  be  the 
middle  or  zero  point  of  the  scale,  it  is  a  very  common  practice  to 
adjust  the  instrument  so  that  the  reflected  beam  of  light  normally 
falls  near  the  end  of  the  scale;  by  this  adjustment  an  extreme 
range  of  360  x  2,  or  720  divisions,  can  be  obtained. 

50.  The  Thomson  galvanometer  is  made  in  a  variety  of  forms  ; 
Fig.  25  gives  a  front,  and  Fig.  26  a  side  elevation  (with  glass 
shade,  &c.,  removed)  of  one  very  common  pattern. 

It  consists  of  a  base  formed  of  a  round  plate  of  ebonite,  pro- 
vided with  three  levelling   screws;    two  spirit-levels,  at   right 
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Front  Elevation.    }  real  size. 
Pio.  25. 


s  2 
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angles  to  one  another,  are  fixed  on  the  top  of  this  plate,  so  that 
the  whole  instrument  can  be  accurately  levelled :  sometimes  one 
circular  level  only  is  provided,  but  the  double  level  is  much  the 
best  arrangement. 

From  the  base  rise  two  brass  columns,  between  which  a  brass 
plate  is  fixed,  rounded  ofif  at  the  top  and  bottom.  Against  the 
faces  of  this  plate  Hre  fixed  the  coils  (c,  c,  c,  c)  of  the  instrument. 
The  brass  plate  has  shallow  countersinks  on  its  surface  for  the 
faces  of  the  coils  to  fit  into,  so  that  they  can  be  fitted  in  their 
correct  places  without  trouble  or  danger  of  shifting.  Round 
brass  plates  press  against  the  outer  surfaces  of  the  coils  by  means 


Fig.  26. — Side  Elevation.    (Shade  removed,)    }  real  size. 

of  screws,  and  keep  them  firmly  in  their  places.  There  are  two 
round  holes  in  the  brass  plates  coinciding  with  the  centre  holes 
in  the  coils. 

The  coils  themselves,  which  are  four  in  number,  are  wound 
on  bobbins  of  thin  insulating  material,  the  wire  being  heaped 
up  towards  the  cheek  of  the  bobbin  which  bears  against  the  brass 
plate.  This  heaping  up  is  done  in  accordance  with  a  formula 
worked  out  by  Lord  Kelvin,  so  as  to  obtain,  as  far  as  possible,  a 
maximum  effect  out  of  a  minimum  quantity  of  wire ;  it  is  question- 
able, however,  if  the  advantage  of  this  heaping  up  is  an  appreciable 
one.  The  edges  of  the  coils  are  covered  with  a  protecting  coating, 
so  as  to  guard  the  wire  from  injury. 
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Within  the  holes  in  the  brass  plate  are  placed  two  small 
magnets,  n  s  and  «  n,*  formed  of  watch-spring  highly  magnetised  ; 
they  are  connected  together  hy  a  piece  of  aluminium  wire,  so  as 
to  form  an  astatic  pair  of  needles.  A  small  groove  is  cut  in  the 
brass  plate,  between  the  upper  and  the  lower  hole,  for  the  alumi- 
nium wire  to  hang  freely  in. 

An  aluminium  fan  is  fixed  at  right  angles  to  the  lower  needle ; 
this  fan  acts  as  a  damper,  and  tends  to  check  the  oscillations  of 
the  needles  and  to  bring  them  to  rest  quickly. 


I 


Fig.  27. 


FiQ.  28. 


In  front  of  the  top  needle  is  fixed  the  mirror.  It  is  suspended 
by  a  fibre  attached  at  its  upper  end  to  a  small  stud  which  can  )^ 
raised  or  lowered  when  required ;  when  this  stud  is  pressed  down 
as  far  as  it  will  go  the  needles  rest  on  the  coils,  and  the  tension 
being  taken  ofif  the  fibre,  there  is  no  danger  of  breaking  the  latter 
by  moving  the  instrument. 

One  end  of  each  coil  is  connected  to  one  of  the  four  terminals 
in  front  of  the  base  of  the  instrument,  the  other  ends  being  con- 

*  In  the  more  leoent  instruiDentB  it  is  usual  to  have  seyeral  small  magnets 
placed  one  above  the  other  at  a  short  distance  apart,  in  the  place  of  a  single 
magnet 


y 
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neoted  to  one  another  through  the  medium  of  the  small  terminals 
placed  midway  on  either  side  of  the  coils. 

The  connections  are  so  made,  that  when  the  two  middle 
terminals  on  the  base  of  the  instrument  are  joined  together  the 
whole  four  coils  are  in  the  circuit  of  the  two  outer  terminals,  so 
that  they  all  four  act  on  the  magnetic  needles. 

Referring  again  to  Fig.  25 ;  over  the  coils  a  glass  shade  is 
placed,  from  the  middle  of  the  top  of  which  a  brass  rod  rises.  A 
short  piece  of  brass  tube  slides  over  this  rod,  with  a  weak  steel 
magnet,  slightly  curved,  fixed  at  right  angles  to  it.  This  magnet 
can  be  slid  up  or  down  the  rod,  or  twisted  round,  as  occasion  may 
require.  For  fine  adjustments  a  tangent  screw  is  provided,  which 
turns  the  brass  rod  round,  and  with  it  the  magnet. 

Figs.  27  and  28  show  modified  formn  of  the  instrument,  which, 
however,  in  general  arrangement  are  similar  to  the  pattern  which 
has  been  described. 

51.  In  the  more  recent  galvanometers  manufactured  by  Messrs. 
Elliott  Brothers,  the  brass  plates,  which  in  the  older  instruments 
secured  the  coils  in  their  places,  are 
hinged  to  the  frame,  whilst  the  coils 
themselves  are  permanently  fixed  to  the 
plates;  by  this  arrangement  the  mag- 
netic needles,  with  their  mirror,  fibre- 
suspension,  &c.,  attachments,  can  be  got 
at,  if  required,  with  the  greatest  facility. 
Altogether  this  improvement  is  one  of 
the  most  convenient  that  has  been 
made. 

52.  Fig.  29  shows  a  very  convenient 
and  cheap  form  of  mirror  galvanometer, 
manufactured  by  Messrs.  Nalder.  This 
instrument,  vnithout  being  elaborate,  has 
a  high  "figure  of  merit."  It  is  pro- 
vided with  a  "scissors"  control  mag- 
net, an  arrangement  which  enables  the 
**  time  of  moving  "  of  the  needles  to  be 
adjusted  with  very  great  facility,  and  far  more  easily  than  with  a 
single  magnet. 

53.  About  5000  or  6000  ohms  is  usually  the  total  resistance  of 
the  coils  of  these  galvanometers,  but  in  some  cases  as  much  as 
350,000  ohms  of  very  fine  copper  wire  has  been  employed.  An 
instrument  of  the  latter  resistance  made  for  measuring  insulation 
resistances  (see  Chapter  XV.),  and  constructed  by  Messna  Nalder 


Fig.  29. 
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Bros.,  is  shown  by  Fig.  30.  The  arrangement  is  such  that  the  very 
highest  possible  insulation  of  the  whole  insti-ument  is  obtained, 
the  coils  and  terminals  of  the  same  being  hung  from  corrugated 
ebonite  columns,  which  are  in  turn  supported  by  other  columns. 
A  similar  form  of  instrument  constructed  by  Messrs.  Elliott  is 
shown  by  Fig.  31. 


Fig.  30. 


54.  In  factories  where  heavy  machinery  is  continually  at  work 
it  is  often  difficult  to  set  up  a  mirror  galvanometer  so  thiit  it  is 
unaffected  by  the  vibrati(m  which  takes  plac*^.  The  best  method 
of  neutralising  the  effects  of  such  vibration  is  to  sling  the  instru- 
ment by  rubber  piping.  A  stand  specially  adapted  for  this  purpose 
is  shown  by  Fig.  32.  The  galvanometer  is  placed  on  a  platform 
which  hangs  from  three  rubber  slings,  adjustable  by  means  of 
thumb-screws  set  on  the  upper  part  of  the  stand. 
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55.  Fig.  33  shows  a  portable  mirror  galvanometer,  which  is 
very  useful,  especially  for  travelling  purposes ;  the  three  legs  are 
hinged  at  their  junction  ¥nith  the  lower  part  of  the  coil  frame,  so 
that  they  can  be  folded  together,  and  thus  made  to  occupy  but 
little  space.    Owing  to  the  instrument  being  provided  with  but 


Fig.  31. 


two  coils  (one  in  front  of,  and  the  other  behind,  the  needle)  its 
sensitiveness  is  not  quite  so  great  as  that  of  the  larger  instruments 
with  four  coils,  but  for  general  purposes  it  is  an  excellent  piece  of 
apparatus. 

56.  The  width  of  the  spot  of  light  on  the  scieen  can  be  regu- 
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lated  by  means  of  a  bras8  slider  fixed  over  the  hole  in  the  screen, 
through  which  the  beam  emerges  from  the  lamp. 

A  much  better  arrangement  than  the  spot  of  light  is   now 
provided  with  most  instruments.     The  hole  through  which  the 


light  emerges  is  made  round,  about  the  size  of  a  sixpence,  vnith 
a  piece  of  fine  platinum  wire  stretched  vertically  across  its 
diameter.  A  lens  is  placed  a  little  distance  in  front  of  this  hole, 
between  the  scale  and  galvanometer,  so  that  a  round  spot  of  light, 
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with  a  thin  black  line  across  it,  is  reflected  on  the  scale.  This 
enables  readings  to  be  made  with  great  ense,  as  the  figures  on  the 
scale  can  be  very  distinctly  seen.     When  the  spot  of  light  only  is 


Fig.  34. 


Fig.  35. 


used,  it  is  necessary  to  partiallypilluminate  the  scale  with  a  second 
lamp.  The  general  appearance  of  the  scale  frame  with  the  lamp 
placed  in  position,  is  shown  by  Figs.  34  and  35. 


Fig.  36. 


An  enclosed  incandescent  electric  lamp  is  sometimes  used,  with 
groat  advantage,  in  the  place  of  the  paraffin  lamp.  This  aiTange- 
ment  is  shown  by  Fig.  36. 
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JacoVs  Transparent  Scale* 

bl.  The  position  of  the  ordinary  form  of  scale  for  the  Thomson's 
galvanometer  is  to  a  certain  extent  inconvenient,  especially  to  near- 
sighted persons.  Mr.  F.  Jacob  has  completely  remedied  this  incon- 
venience Iby  the  arrangement  shown  in  front  view  and  cross  section 


C 


n      8S     »      40 

h  iiTiT 
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fa 


FiQ.  37. 


by  Fig.  '37.  In  this  fig.  B  is  a  wooden  scale-board  with  a  longi- 
tudinal slot,  as  shown  at  C ;  P  is  the  paper  scale,  cut  so  that  all 
the  division  lines  reach  the  lower  ed^^e ;  A  is  a  slip  of  plane  glass 
with  its  lower  half  finely  ground  from  one  end  of  the  slip  to  the 


Fig.  38. 

other,  on  the  side  towards  C :  the  scale  is  so  placed  that  the  lower 
end  of  the  division  lines  just  touches  the  ground  part  of  the  glass 
slip.  The  image  of  the  slit  with  a  fine  wire  stretched  across  it  is 
focussed  in  the  ordinary  manner  on  the  ground  part  of  the  glass, 
and  will  of  course  be  clearly  seen  by  the  observer  on  the  opposite 
side  of  the  scale ;  as  the  line  and  printed  divisions  are  in  the  same 
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plane,  there  is  no  parallax,  consequently  a  great  increase  in  accu- 
racy of  reading  the  position  of  the  air  line  is  obtained,  ovning  to 
the  greater  ease  of  observing  that  two  lines  coincide  when  end  on 
to  one  another,  than  when  superimposed ;  there  is  a  farther  advan- 
tage from  the  fact  that  the  room  need  not  be  darkened.  The  lamp 
and  its  slit  is  placed  on  one  side,  and  reflects  the  beam  of  light  on 
to  the.  galvanometer  by  a  mirror  or  total  reflection  prism,  and  by 
means  of  two  long  plane  mirrors  the  actual  distance  between  the 
galvanometer  and  scale  is  reduced,  so  as  to  have  everything  close  to 

the  observer's  hand.  The  scale  adopted 
is  divided  into  half  millimetres,  and 
it  is  perfectly  easy  to  read  to  a 
quarter  of  a  division,  and  with  a  hand 
magnifying-gla8S  still  further.  This 
arrangement  has  been  adopted  in  the 
testing-rooms  of  Messrs.  Siemens  Bro- 
thers and  Co.,  at  Woolwich,  and  gives 
great  satisfaction. 

Fig.  38  shows  a  form  of  the  trans- 
parent scale  which  is  very  convenient 
for  general  use.  The  arrangement  is 
provided  with  a  minor  m  which  re- 
ceives the  beam  of  light  from  the 
lamp,  and  reflects  it  on  to  the  mirror 
of  the  galvanometer ;  this  enables  the 
lamp  to  be  set  at  a  convenient  position 
and  leaves  the  scale  quite  unincum- 
bered. The  lamp  used  with  this  scale 
is  shown  by  Fig.  39,  it  has  the  advan- 
tage of  being  readily  adjustable,  and 
being  provided  with  a  metal  chimney 
the  annoying  breakage  of  glasses  which  so  often  occTirs  in  the 
ordinary  lamp  is  avoided. 

68.  In  the  testing-rooms  at  the  Silvertown  Telegraph  Works, 
the  scales  employed  are  of  large  dimensions,  being  about  6  feet 
long,  and  are  set  at  a  distance  of  several  feet  from  the  galvano- 
meter. By  this  arrangement  a  greatly  magnified  image  of  the 
round  spot  of  light  with  the  black  line  across  it  is  obtained,  and 
the  divisions  on  the  scale  being  of  correspondingly  large  dimen- 
sions, the  readings  can  be  made  with  great  facility,  and  with  very 
little  fatigue  to  the  eye.  The  only  objection  to  the  arrangement 
is  the  space  which  it  necessarily  occupies,  but  as  it  is  not  often 
that  many  instruments  require  to  be  set  up  in  the  same  room,  this 
need  hardly  be  taken  into  account. 
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To  Set  up  the  Oalvanameter. 

59.  It  is  essential,  before  proceeding  to  set  up  the  instmment 
for  use,  to  see  that  the  ebonite  base  is  thoroughly  dry  and  clean, 
so  that  there  may  be  no  leakage  from  the  wires  to  interfere  with 
the  tests  taken.  Indeed,  it  is  as  well  to  place  the  galvanometer 
and  the  cither  apparatus  to  be  used  on  a  large  sheet  of  gutta- 
percha or  ebonite,  more  especially  if  the  room  in  which  the  tests 
are  to  be  made  is  at  all  damp.  Sometimes  small  ebonite  cups  are 
provided  for  the  levelling  screws  of  the  instrument  to  stand  in, 
which  answers  the  purpose  of  insulating  very  thoroughly. 

.  The  instrument  should  be  set  up  on  a  very  firm  table  in  a 
basement  story.  It  is  almost  useless  to  test  with  it  in  an  upper 
room,  as  the  least  vibration  sends  the  spot  of  light  dancing  and 
vibrating  to  and  fro.  At  all  cable  works  the  instrument  is  placed 
on  a  solid  brick  table  built  ou  the  earth  so  that  no  vibration  can 
possibly  afifect  it 

A  suitable  table  being  chosen,  set  the  galvanometer  in  any 
convenient  position,  and  adjust  the  levelling  screws  until  the 
bubbles  of  the  level  or  levels  show  the  instrument  to  be  perfectly 
level. 

Now  remove  the  glass  shade,  and  gently  raise  the  stud  at  the 
top  of  the  coils  by  squeezing  the  tips  of  the  fingcurs  between  the 
head  of  the  htud  and  the  top  of  the  brass  plate  in  which  it  runs. 
If  the  stud  is  rai^ed  by  a  direct  pull,  there  is  almost  a  certainty 
of  its  coming  up  with  a  jerk  and  breaking  the  fibre.  On  no 
aoconnt  must  the  stud  be  twisted  round,  except  to  get  rid  of  any 
torsion  which  may  exist  in  the  fibre  when  it  hns  been  replaced 
after  becoming  broken. 

The  stud  being  raised  sufficiently  high  to  allow  the  mirror  to 
swing  clear  of  the  coils,  replace  the  glass  shade,  screw  the  brass 
rod  with  the  magnet,  on  to  its  top,  and  set  the  magnet  about  half- 
way up  the  rod,  the  poles  being  placed  so  as  to  assist  in  keeping 
the  magnetic  needles  north  and  south. 

The  scale  lamp  being  lighted,  place  it  in  position  on  the  scale 
stand,  the  edge  of  the  wick  being  turned  towards  the  brass  slider 
which  regulates  the  width  of  the  beam  of  light.  Having  opened 
the  slider  to  its  full  extent,  the  scale  and  lamp  should  be  placed 
about  3  feet  from  the  galvanometer,  so  that  it  stands  parallel  with 
the  faces  of  the  coils,  and  so  that  a  line  drawn  at  right  angles  to 
the  scale  from  the  lamp-hole  will  pass  through  the  centre  of  the 
galvanometer.  The  reflected  beam  of  light  should  then  fall  fairly 
on  the  scale.     If  too  high,  this  may  be  remedied  by  propping  up 
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the  scale,  and  if  too  low,  by  screwing  up  the  levelling  screws  of 
the  galvanometer.  Should  the  light  be  too  high  on  the  scale,  it 
will  be  found  an  easier  matter  to  prop  up  the  scale  than  to  lower 
the  galvanometer  by  means  of  the  levelling  screws. 

The  spot  of  light  should  now  be  set  at  the  zero  point  on  the 
scale  by  turning  the  regulating  magnet  by  means  of  the  screw ; 
the  spot  should  next  be  focnssed,  by  advancing  or  retreating  the 
lamp  and  scale  and  by  adjusting  the  lens-tube,  until  a  sharply 
defined  image  is  obtained  on  the  scale.  The  width  of  the  slit 
may  then  be  diminished,  by  means  of  the  brass  slide,  until  a  thin 
line  of  light  only  is  obtained  on  the  scale.  If  the  round  spot  of 
light  with  the  line  across  it  is  used,  the  focussing  must  be  made 
so  that  the  black  line  is  sharply  defined. 

The  position  of  the  scale  and  galvanometer  being  onoe  ob- 
tained, their  positions  on  the  table  may  be  marked  for  future 
occasions,  or,  at  least,  the  exact  distance  of  the  scale  from  the 
galvanometer  noted,  so  that  it  can  be  placed  right  without  trouble. 

The  instrument  being  now  ready  fur  use,  if  it  is  not  required 
to  be  sensitive,  plaoe  the  regulating  magnet  low  down ;  if,  on  the 
contrary,  it  is  required  to  be  sensitive,  plaoe  it  high  up. 

60.  To  obtain  the  maximum  sermtiveneM : — Raise  the  magnet  to 
the  top  of  the  bar,  and  then  turn  it  half  round,  so  that  its  poles 
change  places.  The  magnet  will  now  be  opposing  the  earth's 
magnetism,  and  consequently  will  tend  to  turn  the  magnetic 
needles  round.  If  the  magnet  is  at  the  top  of  tl  e  rod,  the  effect 
of  the  magnetism  of  the  earth  on  the  magnetic  needles  will  be 
more  powerful  than  the  magnetism  of  the  regulating  magnet,  and 
the  needles  will  tend  to  keep  north  and  south;  but  by  placing 
the  regulating  magnet  lower  down,  a  point  is  reached  where  the 
earth's  magnetism  is  just  counteracted.  Under  these  conditions 
the  needles  will  stand  indifferently  in  any  position.  By  placing 
the  regulating  magnet  about  an  inch  higher  than  the  position 
which  gives  this  exact  counteraction,  the  magnetism  of  the  earth  ^^ 
will  be  just  sufficient  to  keep  the  magnets  north  and  south,  and 
consequently  the  spot  of  light  at  the  zero  on  the  scale,  and  at  the 
same  lime  leaves  the  magneto  free  to  be  moved  by  a  very  slight 
force.  It  will  be  noticed  with  the  regulating  magnet  in  this 
position,  that  in  order  to  get  the  spot  of  light  at  the  zero  point, 
the  magnet  must  be  turned  in  the  opposite  direction  to  that  in 
which  it  is  required  that  the  needles  should  move. 

It  is  not  advisable  to  adjust  the  instrument  too  sensitively, 
because  it  id  difficult  then  to  keep  the  spot  exactly  at  zero,  as  any 
slight  external  action  may  throw  it  a  degree  or  two  out. 
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61.  The  presence  of  iron  near  the  instrument  is  not  prejudicial 
to  its  correct  working,  so  long  as  the  metal  remains  stationary. 
The  experimenter  should,  however,  remove  any  keys  or  knives  he 
may  have  about  him,  as  they  very  much  affect  the  galvanometer  if 
he  moves  about  much.  These  precautions  may  seem  too  minute, 
but  as  the  very  object  of  the  Thomson  galvanometer  is  to  enable 
measurements  to  be  made  with  accuracy,  all  likely  causes  of  dis- 
turbance should  be  avoided. 

62.  A  resihtance  box,  containing  three  shuntBy  is  usually  pro- 
vided with  the  galvanometer  of  the  values  ^th,  ^th,  and  ^^^th  of 


Fill.  ii. 


Fig.  42. 


♦he  resistance  of  its  coils,  which  values,  an  will  be  shown  in  the 
next  chapter,  enable  the  sensitiveness  of  the  instrument  to  be 
reduced  to  its  iV^h,  y^th,  and  toVo^^  P*^  respectively. 

Fig.  40  shows  a  form  of  this  shnnt.  By  inserting  a  plug  into 
one  or  other  of  the  holes,  the  required  shunt  is  inserted. 

The  numbers  are  sometimes  marked  as  tV*^>  t^^tt*^*  ^^^  nnnr^^' 
instead  of  ^th,  ^^t\  iri^th,  thereby  indicating  that  the  particular 
shunt  reduces  the  deflections  of  the  needle  to  that  particular  frac- 
tion, but  they  have  really  juwt  the  same  adjustment  in  bt>th  cases. 

The  shunts  are  sometimes  enclosed  in  a  round  brass  box,  as 
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shown  by  Fig.  41,  which  is  perhape  a  more  portable  and  elegant 
form  than  that  shown  by  Fig.  40. 

For  the  galvanometer,  shown  by  Fig.  30,  p.  55,  a  special  form 
of  shnnt  box  highly  insnlated  has  been  designed.  This  is  shown 
by  Fig.  42. 

The  two  broad  strips  of  copper  shown  in  Fig.  40  are  nsed  for 
the  purpose  of  connecting  the  box  with  the  galvanometer.  The 
blank  plag-hole  is  for  the  purpose  of  short-circuiting,  which  should 
always  be  done  when  the  instrument  is  not  actually  in  use. 

Method  of  Fixing  a  Suapeniion  Fibre. 

63.  The  operation  of  replacing  a  broken  suspension  fibre  is  by 
no  means  an  easy  one,  and  unless  attempted  in  a  systematic  way 
it  is  an  operation  which  is  exceedingly  trying  to  the  most  even 
temperament ;  indeed  it  is  not  at  all  unusual  for  the  attempt  to 
be  given  up  and  the  instrument  maker  to  be  resorted  to  in  order 
to  get  the  new  fibre  inserted.  The  following  method,  however, 
though  perhaps  it  may  not  be  one  which  is  generally  adopted  (each 
maker  hiftving  his  own  preference),  answers  very  satisfactoiily : — 

Take  a  reel  of  copper  wire  (Fig.  43),  the  diameter  of  the  latter 
being  about  10  mils  (*01  inch),  and,  if  covered,  remove  the  silk 


Fia  43. 

covering  for  an  inch  or  more,  and  then  varnish  the  wire  to  about 
i  inch  of  the  extremity  with  a  little  thick  shellac  varnish.  Whilst 
the  wire  is  still  wet,  wind  the  fine  silk  fibre  with  tweezers  once  or 
twice  round  the  wet  end,  and  then  evaporate  with  a  heated  iron. 


Wtre  Silk  mre 

Fig.  44. 

the  shellac  thus  securing  the  filk  firmly.  With  nippers,  out  off 
about  ]^  inch  of  the  wire ;  also  treat  the  other  end  of  the  silk  in  a 
similar  manner  (Fig.  44), 

Use  now  each  of  these  wires  as  a  sewing-needle  would  be  nsed 
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Pass  one  of  them  tbrou^h  the  eyelet  of  the  astatic  system  and 
make  a  neat  knot.  In  performing  the  operation  have  in  each  hand 
a  pair  of  tweezers  for  the  manipulation;  never  use  the  fingers. 
Next,  in  a  similar  manner  fasten  the  other  end  of  the  fibre  to  the 
suspension  pin  (a  horizontal  suspension  screw  if  the  latter  is  used). 
Shellac  or  sheUac-vamish  should  never  he  used  to  fix  the  knots.  The 
background  against  which  the  operation  is  carried  out  should  be 
black ;  a  slab  of  ebonite  answers  well.  It  is  important  to  remove 
any  burr  on  the  suspended  ejelets  or  holes,  to  prevent  cutting  the 
fibre.  With  a  steady  hand  and  a  little  practice  any  one  should  be 
able  to  suspend  with  a  single  fibre. 


The  Thomson  Dead-beat  Galvanometer. 

64.  The  needle  of  an  ordinary  form  of  galvanometer,  when 
under  the  influence  of  a  constant  current,  does  not  settle  down  at 
once  to  the  angle  of  deflection  which  it  eventually  takes  up,  but 
oeciLlates  to  and  fro  several  times  before  it  finally  comes  to  rest,  and 
again  it  acts  in  the  same  way  when  the  current  is  taken  off  and 
the  needle  returns  towards  the  zero  point.  The  oscillations  often 
cause  considerable  inconvenience  and  loss  of  time  in  testing,  and 
the  object  of  the  dead-heat  galvanometer  is  to  get  rid  of  these 
inconvenient  movements. 


Fig.  45. 

Fig.  45  shows  the  arrangement  devised  by  Lord  Kelvin  for 
obtaining  a  dead-beat  movement. 

A  is  a  brass  tube,  whose  end  a  a,  which  is  screwed,  is  closed 
by  a  piece  of  glass.  B  is  a  short  piece  of  tube,  which  is  screwed, 
and  whose  end  6  6,  is  similarly  closed  by  a  piece  of  glass.  C  is  a 
third  short  piece  of  tube,  into  which  the  ends  of  A  and  B  screw. 
ITie  length  of  this  tube  is  such  that  when  the  whole  arrangement 
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is  nnited  together  there  is  a  very  small  spaoe  between  the  ends  a  a 
and  6  6 ;  a  small  air-tight  cell,  in  fact,  is  formed. 

Hanging  midway  inside  G  is  a  mirror  m,  with  a  magnetic 
needle  fixed  to  it,  as  in  the  ordinary  Thomson  galvanometer.  This 
mirror  very  nearly  fits  inside  the  tube,  there  being  only  just  room 
for  it  to  swing  freely ;  it  is  suspended  by  a  very  short  fibre. 

The  space  between  a  a  and  h  h,  although  very  small,  is  just 
sufficient  to  enable  the  mirror  to  turn  throutrh  an  angle  largo 
enough  to  give  a  good  deflection  of  the  spot  of  light  on  the  scale. 

The  complete  arrangement  is  inserted  in  the  centre  of  a  single 
galvanometer  coil,  so  that  the  mirror  occupies  the  same  position 
that  it  does  in  the  ordinary  galvanometer. 

Owing  to  the  air  inside  the  cell  being  so  closely  confined,  the 
violent  movement  of  the  mirror  is  checked  when  it  is  acted  upon 
by  a  current  passing  through  the  coils,  and  the  consequence  is  that 
the  mirror,  instead  of  overshooting  the  mark  and  then  recoiling,  )k 
turns  with  a  gradually  decreasing  velocity  towards  its  final  deflec- 
tion, and  ceases  to  move  when  the  latter  is  reached.  The  same 
thing  takes  place  when  the  current  is  cut  off;  in  this  case  the 
spot  of  light  moves  back  to  zero  and  ceases  to  move  at  that  point. 

The  suspension  fibre  being  very  short,  the  mirror  cannot  turn 
so  freely  as  the  one  in  the  ordinary  galvanometer ;  its  sensitive- 
ness is  therefore  not  quite  so  great,  but  it  is  sufficiently  so  for 
most  purposes  for  which  the  latter  would  be  used. 

The  fibre  is  very  easily  replaced  when  broken.  One  end  being 
attached  to  the  mirror,  the  other  is  passed  through  a  small  hole  in 
the  side  of  C,  and  is  then  drawn  sufficiently  tight  to  suspend  the 
mirror  inside  the  tube  so  that  it  does  not  touch  the  sides,  a  drop 
of  shellac  is  then  applied  to  the  hole,  which  closes  it  and  fixes  the 
fibre.  In  some  cases  the  cell  is  filled  with  paraffin  oil,  which  still 
further  tends  to  check  the  movement  of  the  mirror. 


The  Thomson  Marine  Galvanometeb. 

65.  This  instrument  is  specially  constructed  for  use  on  board 
ship,  where  the  rolling  of  the  vessel  and  -the  constant  movement 
of  mosses  of  iron  about  would  render  an  ordinary  mirror  galvano- 
meter quite  useless. 

Fig.  46  shows  a  side  view  of  this  instrument,  the  upper  part 
being  drawn  in  section. 

C  C  0  C  are  the  coils,  which  are  similar  in  form  to  those 
employed  in  the  ordinary  Thomson  galvanometer ;  there  is,  how- 
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ever,  but  one  sef^  of  two  coils,  instead  of  two  sets  as  in  the  latter 
instrument. 

The  mirror,  with  the  magnetic  needle  fixed  to  its  back,  is 
struDg  on  a  cocoon  fibre  in  a  brass  frame.    The  fibre  is  fixed  at 


one  end,  and  at  the  other  is  attached  to  a  spring,  which  draws 

the  fibre  tight.    The  frame  slides  in  a  groove  between  the  coils, 

so  that  it  can  be  drawn  out  for  the  purpose  of  repairing  the 

fibre.      A  powerful   directing   horse-shoe 

magnet  (not  shown  in  the  figure)  embraces 

the  upper  parts  of  the  coils,   and  serves 

to  overpower  the  directive  effect  of  the 

earth's  magnetism.     This  latter  effect  is 

still  further  rendered  harmless  by  enclosing 

the  whole  system  in  a  massive  soft-iron 

case  A  A  A  A,  a  small  window  6  being  left, 

through  which  the  rays  of  light  reflected 

by  the  mirror  enter  and  return. 

For  obtaining  exact  adjustment  of  the 
spot  of  light  to  zero,  two  small  magnets, 
n  and  «»  as  broad  as  the  mirror  magnet  is  loug,  are  provided; 
by  turning  the  pinion  p  these  magnets  can  be  made  to  advance 
or  retreat,  and  so  act  on  the  mirror  magnet  to  make  it  turn  in  one 
direction  or  the  other,  as  required. 

F  2 
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The  resiBtanoe  of  this  form  of  galvanometer  (which  iff  shown 
in  general  view  by  Fig.  47)  is  usually  as  high  as  30,000  or 
40,000  ohms. 


The  D'Ahsonval-Depeez  Dead-beat  Galvanometer. 

66.  The  main  peculiarity  of  this  instrument  lies  in  the  fact 
that,  whereas  in  almost  all  galvanometers  there  is  a  fixed  coil 
and  a  movable  magnetic  needle,  in  this  galvanometer  the  coil  is 


Fig.  48. 


movable  and  the  magnut — a  massive  compouud  horse-bhoe  of  steel 
— is  fixed.  Fig.  48  represents  the  instrument  itself,  as  manu- 
factured bv  ?.  Jolin  &  Co.,  of  Bristol.  The  steel  magnet,  made  of 
three  thin  hoise-shoes,  each  magnetised  as  strongly  as  possible,  is 
firmly  fixed  to  a  metal  base,  with  its  poles  upwards.  Between  the 
poles  hangs  the  coil,  which  is  rectangular  in  form,  and  weighs  only 
a  few  grains;  it  is  held  in  its  place  by  a  thin  silver  wire  above 
a-nd  another  thin  silver  wire  below.  The  coil  is  made  by  winding 
tht>  wire  on  a  continuous  rectangular  frame  made  of  copper  or 
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silver  as  thin  as  possible ;  this  frame,  by  the  reactive  effBot  of  the 
induced  currents  which  the  movement  of  the  coil  sets  up,  causes    )^ 
the  latter  when  deflected  to  come  rapidly  to  rest. 

To  reinforce  the  magnetic  field,  a  strong  compound  magnet 
of  cylindrical  shape  is  arranged  so  that  the  laminations  are  in  a 
horizontal  direction,  and  so  that  its  north  pole  comes  opposite  the 
south  pole  of  the  horse-shoe  magnet;  it  is  placed  in  the  hollow  of 
the  suspended  rectangular  coil  without  touching  it,  and  is  firmly  > 
fixed ;  the  coil  is  then  free  to  turn  in  the  very  narrow  space  between 
the  compound  magnet  core  and  the  external  magnet-poles ;  and  it 
need  hardly  be  added  that  this  contrivance  produces  a  very  intense  ^^ 
magnet  field.     The  current  is  led  in  by  one  of  the  silver  sus- 


Fia.  49. 

pension  wires,  and  leaves  the  coil  by  the  other.  A  small  mirror  of 
1  metre  focus  is  fixed  to  the  suspended  coil ;  a  brass  spring  at  the 
bottom  keeps  the  suspending  wires  stretched ;  and  a  screw-head 
at  the  top  of  the  instrument  serves  both  to  regulate  the  tension 
in  the  wires  and  to  let  the  coil  down  to  a  position  of  rest  on  the 
central  iron  cylinder,  whenever  the  galvanometer  is  to  be  dis- 
mounted for  removal  to  a  distant  place.  The  resistance  of  the  coil 
is  made  from  150  to  750  ohms  in  the  ordinary  pattern  of  instrument. 
As  there  is  no  suspended  needle,  no  external  magnetic  forces 
affect  the  zero  of  the  instrument ;  and,  since  the  position  of  the 
coil  is  determined  solely  by  the  elasticity  of  the  suspending  wires 
and  the  magnetic  action  of  the  fixed  magnet  on  the  current  in 
the  coil,  it  can  be  used  in  any  position,  and  is  independent  of  the 
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earth's  magnetio  field.  It  can  even  be  placed  quite  near  to  a 
dynamo-maohine,  and  is  therefore  a  moNt  nsefal,  and  indeed  an 
indispensable,  type  of  instrument  for  working  under  such  condi- 
tions as  are  met  with  in  manufactories  of  electric-light  plant. 

The  intensity  of  the  magnetic  field  in  which  the  coil  is  situated 
is  such  that  whenever  the  galvanometer-circuit  is  closed — even 
through  a  considerable  resistance — the  motion  of  the  needle  is^ 
dead-beat.  It  takes  less  than  one  second  to  come  to  rest  at  its  final 
position  of  deflection,  and  when  it  returns  to  zero  it  does  so  with 
the  most  complete  absence  of  oscillations.  Altogether,  the  form  of 
instrument  is  an  extremely  satisfactory  one. 

A  more  recent  pattern  of  this  form  of  galvanometer,  mana- 
factured  by  Messrs.  Nalder  Brothers,  is  shown  by  Fig.  49. 

The  Sullivan  Universal  Galvanometer. 

67.  The  special  features  which  distinguish  this  most  useful 
form  of  galvanometer,  and  which  render  it  equally  suitable  for 
ship  or  shore  work,  are — 

Independence  of  external  fields. 

It  can  be  mechanically  damped  at  will  to  any  required  degree. 

Freedom  from  electrostatic  effect  with  low  or  high  voltages. 

Equal  applicability  for  measuring  and  signalling  purposes. 

The  suspended  coil  system  can  be  readily  and  accurately 
balanced  so  as  to  be  unaffected  by  the  rolling  or  pitching  of  a  ship. 

The  damping  device  is  a  very  fine  camel's-hair  brush,  so  adjust- 
able that  it  can  be  made  to  more  or  less  closely  envelope  a  portion 
of  the  suspension,  according  to  the  degree  of  damping  required. 
Freedom  from  the  electrostatic  effect  (due  to  the  fact  that  the  insu- 
lated coil  and  the  magnet  and  brasswork  of  the  galvanometer 
form  a  Leyden  or  air  condenser)  is  secured  by  so  arranging  that 
the  coil  and  its  surrounding  magnet,  &a,  are  charged  to  the  same 
potential  by  the  testing  current,  suitable  means  being  taken  to 
prevent  surface  leakage  and  loss.  To  obtain  this  Mr.  Sullivan 
connects  a  fine  wire  between  one  end  of  the  coil  and  the  magnet, 
and  carefully  insulates  the  entire  instrument  from  its  wooden 
base,  on  a  thick  ebonite  slab.  This  entirely  remedies  all  static 
charge  effect  and  ensures  perfect  insulation. 

Used  for  speaking  purposes,  the  instrument  gives  deadbeat 
signals  on  even  a  mile  of  cable  or  non-inductive  line ;  this  is  a 
convenience  in  communicating  through  cables  widely  differing  in 
length,  a  frequent  necessity  in  cable  operations. 

The  balancing  arrangement  consists  of  a  fine  leaden  wire  half 
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an  inch  long,  soldered  at  one  end  to  the  coil  system  and  projecting 
bi-anchwise  from  the  same.  By  bending  this  radial  arm  in  the 
requisite  direction,  the  centre  of  gravity  is  brought,  and  kept, 
exactly  in  line  with  the  suspensions,  steadiness  being  thus  secured 
at  any  angle  of  roll  or  pitch  of  the  ship. 

By  making  the  lower  suspension  arm  of  ebonite  and  fitting  on  to 
its  lower  side  two  platinum  contact  studs  which  are  in  connection 
with  the  two  ends  of  the  coil  through  its  metallic  suspensions  and 
&amo  (and  which  when  the  frame  is  slid  into  position  press  upon 
two  insulated  springs  in  the  hollow  base  of  the  instrument,  and 
in  permanent  connection  with   the  terminals),  connecting  wires 


Fio.  50. 

between  the  suspension  frame  and  the  terminals  are  dispensed  with. 
By  this  arrangement  the  frame,  in  case  of  accident,  can  be  changed 
in  a  few  seconds. 

The  action  of  the  cameVs-hair  brush  is  as  follows : — The  innu- 
merable points  of  minute  friction  which  it  oflFers  to  the  saspension, 
check  the  deflection  of  the  coil  until  the  received  impulses  have 
attained  a  potential  sufficient  to  ensure  a  decided  movement  of  the 
coil,  thereby  preventing  on  long  cables  the  otherwise  inevitable 
gliding  or  blending  of  successive  signals  of  like  sign  into  one 
another.  In  the  case  of  shorter  lengths  the  camel's-hair  brush  is 
not  needed,  and  it  may  be  drawn  back  clear  of  the  suspension,  the 
electro-magnetic  damping  of  the  coil-former  or  coil-frame  being 
sufficient  to  make  the  instrument  dead-beat  on  open  circuit. 

Fig.  60  gives  a  general  view  (with  cover  removed)  of  the  latest 
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pattern  of  the  iiiBtrament,  the  parts  being  shown  in  Figs.  51  and 
52. 

As  regards  the  balancing  devioe,  referring  to  Fig.  52,  it  will  be 
observed  that  the  ooil  has  two  leaden  arms  attached  to  it— the  one 
at  the  front  and  the  other  at  the  back — although  if  the  coil  be 
exactly  wound  and  suspended,  the  weight  of  the  mirror  must  of 
necessity  over-weight  it  in  front.  The  object  is  to  secure  a 
dynamic  balance  of  the  coil,  and  to  allow  of  the  final  adjustments 
being  more  conveniently  effected  by  means  of  the  more  accessible 
front  wire  (L  Wi).  It  will  be  noted  that,  given  exact  equiponder- 
ance  around  the  axis  of  rotation,  L  W  must  be  heavy  enough  to 
counterbalance  the  mirror  and  L  Wi  combined. 

In  adjusting  the  leaden  arms,  no  shellac,  tools,  Ac,  are  required, 
and  the  suspension  frame  need  never  be  removed  from  the  instru- 
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Fig.  52. 


S  M,  C-shaped  steel  magnei  M  C,  magnet  clomps.  E  8,  ebonite  slab. 
H  B,  hollow  base.  C  U,  cylindrical  brass  upright  on  which  the  suspension  frame 
slides.  0,  rectangular  coil  wound  on  a  metallic  former.  8  0,  fixed  soft  iron 
core.  M,  mirror.  T,  terminal  8,  sleeve  or  tube  pert  of  suspension  frame, 
which  sleeve  or  tube  fits  over  CU.  H,  Hole  for  the  holder  of  camel's  hair 
damping  brush  D  B.  PS,  insulated  platinum  studs  on  lower  arm  of  suspension 
frame.  1 8,  ivoiy  adjustment  screw  projecting  on  both  sides  of  lower  suspension 
arm  ;  this  screw  fits  smoothly  between  brass  guide-plates  fixed  on  H  B,  and  is 
adjustable  laterally  for  centering  the  coil  system  in  the  magnet  gap.  AS,  ad- 
justment screws  for  ebonite  collars  (E  C,  E  C  L)  through  which  suspension  rods 
R  projecting  above  and  below  from  the  ooil  pass,  without  touching.  L  W,  L  W„ 
leaden  wire  radial  arms  for  balancing  coil.  TH,  adjustable  torsion  heads  for 
regulating  the  tension  of  the  suspension  wires. 
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ment ;  it  will  suffice  to  raise  it  a  little  on  its  cylindrical  upright 
for  each  fresh  adjustment  so  as  to  allow  of  the  coil  and  its  radial 
arms  just  clearing  the  magnet  gap  and  being  readily  handled. 

Owing  to  its  perfect  balance  the  instrument  is  unaffected  not 
only  by  rolling  and  pitching,  but  also  in  a  marked  degree  by 
seyere  vibratory  influences,  having  been  found  to  work  well  on  a 
torpedo  boat  in  a  rough  sea.* 

With  the  comparatively  stout  and  rigid  suspensions  required 
on  board  ship,  the  sensibility  exceeds  that  of  an  ordinary  marine 
galvanometer  (§  65),  while  for  more  delicate  measurements  on 
shore  "  figures  of  merit "  (§  78)  up  to  that  of  the  ordinary  form 
of  Thomson  instrument  (§  47)  are  obtainable  by  suspending  the 
coil  more  or  less  finely  and  from  above  only,  connection  with  the 
bottom  end  being  maintained  by  a  fine  non-directive  wire  spiral. 

Its  low  resistance  (the  coil  is  wound  ordinarily  to  about  800 
ohms)  and  high  sensibility  render  this  form  of  galvanometer 
specially  valuable  in  tests  by  tibe  Wheatstone  bridge  or  null 
method.t 


Angle  of  Maximum  Senritivenees — Inferred  Zero. 

68.  The  angle  of  maadmum  eensitivenesg  (page  25)  in  a  mirror 
galvanometer  is  the  largest  deflection  which  can  be  obtained,  as 
the  angle  of  deflection  is  but  a  very  few  degrees  and,  consequently, 
the  true  maximum  angle  can  never  be  reached. 

69.  By  turning  the  controlling  magnet  of  the  instrument  so 
that  the  needle  is  turned  through  a  large  angle,  the  normal  zero 
becomes  at  a  considerable  distance  off  the  scale,  and  the  sensi- 
tiveness of  the  galvanometer  to  changes  in  the  current  strength 
producing  a  deflection,  can  be  made  very  great.  Thus,  supposing 
the  needle  to  be  normally  at  the  ordinary  zero,  and  suppose  that 
a  current  caused  it  to  deflect  to  850  divisions,  then  an  increase 
in  the  current  of  say  1  per  cent,  would  increase  the  deflection  of 

?^?-^J^,  or,  368-5;  that  is,  would   increase  it  8-5  divisions. 
100 

If  now  the  working  zero  had  been  350  divisions  to,  say,  the  left 

of  the  ordinary  zero,  and  if  the  current  had  been  strong  enough  to 

produce  a  deflection  of  350  divisions  to  the  right  of  the  ordinaiy 

zero,   then  the  deflection  would  be  equivalent  to  350  +  350,  or 

700  divisions,  and  an  increase  in  the  current  of  1  per  cent,  would 

*  See  '  Electrical  Review,'  April  29, 1898. 

t  Sec  on  article  by  Mr.  W.  J.  Murphy,  ^  Electrician,'  August  26, 1898. 
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increase  the  deflection  to  152^;^^,  or  707,  that  is  to  say,  an 

100 

increase  of  7  divisions.    If,  lastly,  the  controlling  magnet  is  tnmed 

BO  that  the  needle  has  a  zero  equivalent  to,  say,  2000  divisions  to 

the  left  of  the  ordinary  zero,  that  is  Ka  inferred  zero,  as  it  is  called, 

of  2000,  then  if  the  needle  were  deflected  to  the  right  by  a  current 

sufficiently  strong  to  bring  the  deflection  on  the  scale,  and  to  give 

it  a  value  of  350  to  the  right  of  the  ordinary  zero,  tbe  deflection 

representing  the  current  would  be  350  +  2000,  or  2350  divisions, 

and  an  increase  in  the  current  of  1  per  cent,  would  increase  the 

deflection  to  ^^^Vo^^^'  ^'*  2373-5,  that  is  to  say,  an  increase 

of  23*5  divisions.  In  actual  practice  it  is  often  possible  to  use 
an  inferred  zero  considerably  greater  than  2000,  and  with  corre- 
sponding advantage. 

Ths  Ballistic  Galvanometeb. 

70.  The  object  of  this  instrument  is  the  measurement  of 
transient  currents  such  as  are  produced  by  the  discharge  from  a 
condenser,  or  currents  set  up  by  electro-magnetic  induction. 

The  principle  of  the  instrument  depends  upon  the  arrangement 
being  such  that  the  movement  of  the  magnetic  needle  does  not 
practically  take  place  until  the  transient  current  has  ceased.  In 
the  great  majority  of  cases  met  with  in  ordinary  testing  this 
condition  is  satisfied  approximately  in  the  ordinary  Thomson  ^ 
mirror  galvanometer,  since  the  discharge  from  a  condenser  of  low 
capacity  or  from  a  moderate  length  of  cable,  such  as  would  have 
to  be  measured  in  practice,  is  extremely  briidf.  Of  recent  years, 
however,  experimental  work  in  connection  with  dynamo  machinery 
has  required  the  measurement  of  transient  currents  of  comparatively 
long  duration,  hence  the  use  of  the  ballistic  galvanometer  has 
become  more  general. 

In  the  ballistic  instrument  the  object  required  is  efiected  either 
by  enclosing  the  magnetic  needle  or  needles  in  a  hollow  spherical 
bullet,  or  by  having  each  needle  formed  of  a  cylindrical  shape  as 
shown  (drawn  to  an  enlarged  scale)  by  Fig.  63. 

The  needle,  it  will  be  seen,  is  formed  of  a  hollow  steel  thimble 
which  is  slit  down  its  length,  thus  forming  a  horse-shoe  with 
semi-cylindrical  legs ;  the  thimble  is  fixed  on  an  axis  a  6,  which 
axis  may  have  several  of  these  thimbles,  i.e.  two  with  their  similar 
poles  set  opposite  each  other  in  the  centre  of  each  coil  and  others 
outside,  but  in  close  proximity  to  the  coils  (Fig.  55,  page  77). 
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In  whatever  way  the  needles  are  arranged  the  object  aimed  at 
is  that  the  motion  of  rotation  shall  be  as  little  retarded  by  the  air 
resistance  as  possible. 


Fig.  54. 


Fio.  58. 


71.  The  principle  of  the  galvanometer  may  be  explained  as 
shown  by  Fig.  54.  Let  W  be  a  weight  suspended  from  a  string, 
and  let  this  weight  be  pushed  by  a  pressure  P  applied  for  a  very 
short  time  /.  The  velocity  v  with  which  W  will  move  at  the  end 
of  the  time  t  will  be 

v=ft; 

bat 


/  = 


W 


where  g  is  the  coefficient  of  terrestrial  acceleration,  therefore 


and 


Now  tho  work  aooomnlatod  in  W  is 


which  equals 


"27' 
W     ^  2g~   2Vf  ' 
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The  work  done  when  the  weight  has  moved  through  the  angle 
fl°ifl 

Wy.  [A] 

2  W  *' 


2  W*  ~  *■ 

a«  =  y«  +  e»  =  y»  +  P-(/-y)» 
=  y»  +  P-P-y»  +  2/y, 

a«  =  2Zy, 


[B] 


therefore 
or 
Now 

that  is, 
or 

therefore 
or 


in  which,  since  0°  is  very  small,  a  represents  the   number  of 
divisions  of  deflection. 

If,  now,  T  be  the  time  in  seconds  which  the  weight  would 
take  to  make  one  complete  oscillation,  i.e.  one  backwards  and 
forwards  movement,  when  swinging  freely,  then 


therefore 


or 


y  = 

2W 

a* 

a" 

v^. 

1 
or    -  = 
9 

T« 

a»T» 

Vi  = 

WTa 

2irl 

Now  if  we  push  the  weight  by  a  continual  force  F'  to  an  angle 
)8°,  then 

F  =  Wtan)8°  =  W| 
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if  /8°  is  very  small  and  h  is  the  number  of  divisions  of  deflection. 
We  liave  then 

FZ 
W  -  — 

therefore 


P/  = 


Fi 
—  Ta 

2wl 


FTa 

2^6  ' 


Now  P  t  corresponds  to  a  current  kept  on  for  a  certain  time,  i.e. 
to  a  discharge  of  so  many  coulombs  (Q)  *  of  electricity,  and  P'  to  a 
permanent  current  of,  say,  A  amperes,  we  can  therefore  say 

^        27rb 

The  g,  it  should  be  remarked,  in  the  mechanical  problem  corre- 
sponds to  the  deflective  force  of  the  earth's  magnetism  in  the  case 
of  the  galvanometer. 

For  example. 

The  discharge  from  a  condenser  gave  on  a  ballistic  galvano- 
meter a  throw  of  120  divisions  (a).     The  permanent  deflection 


Fig.  55. 

produced  by  a  current  of  60  milli-amp^res  ('05  amperes)  was 
240  divisions  (6).     The  number  of  complete  oscillations  which  the 

*  1  coulomb  is  the  quantity  of  electricity  which  passes  dnrlDg  1  second  when 
a  current  of  1  ampbre  is  flowing. 
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needle  made  in  60  seoonds  when  swinging  fi^eely  was  10,  i.e. 
T  =:  f^  =  6.    How  many  coulombs  did  the  condenser  contain  ? 

Q  =  /Q^/,,^,i<  ^^,Q,,  =  -0239  coulombs. 
^      2  X  3-1416  X  240 

In  order  to  determine  the  number  of  swings  the  needle  makes 
in  a  given  time  the  eye  should  be  kept  fixed  on  any  point  on  the 
scale,  and  each  time  the  spot  of  light  passes  that  point  tn  the  same 
directum  a  count  should  be  made. 

72.  A  very  convenient  form  of  the  instrument  (designed  by 
Messrs.  Nalder)  is  that  shown  by  Fig.  55.  One  of  the  coils  is 
hinged,  and  when  thrown  back  (as  shown  in  the  fig.)  the  needles 
can  easily  be  got  at  if  necessary.  A  clamping  screw  keeps  the 
movable  coil  in  its  place  when  the  coil  is  set  in  its  normal  position. 


Throw  Produced  by  a  Permanent  Current. 

7o.  In  some  casos  it  is  required  to  know  to  what  permanent 
deflection  the  throw  produced  by  a  permanent 
current  corresponds.  This  problem  may  be 
dealt  with  as  follows : — 

Let  W  (Fig.  56)  be  a  weight  urged  for- 
•ward  by  a  constant  pressure  P,  then  ihe 
actual  pressure  P'  against  W,  when  the  latter 
has  moved  through  the  angle  0*^,  will  be  the 
pressure  P  minus  the  resolved  back  pressure 
exerted  ty  W ;  this  back  pressure  will  be  W 

tan  0°,  which  equals  W  y  if  0°  is  very  small, 
therefore 


F  =  P-Wy; 


and  the  acceleration  will  be 

F 


Now  the  movement  of  W  is  due  to  a  continually  decreasing 
pressure  P'  acting  against  W,  which  pressure  beyond  the  perma- 
nent deflection  position  becomes  a  retarding  pressure  which 
eventually  stops  the  movement  of  W.  This  continually  decreatdng 
pressure  is  equivalent  to  a  continually  decreasing  acceleration,  so 
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that  if  /^  is  the  aoceleration  after  the  weight  has  moved  through 
a  difltance  a;,  the  velocity  which  W  will  have  after  it  has  moved 
through  a  di^tanoe  h  will  he  given  by 

If  a  he  the  permanent  deflection  when  the  needle  has  settled 
down  to  an  angle  a°,  then 


P=  Wtana°  =  W| 

if  a°  is  small. 
Therefore 

V'  =  2,p6-|l]»f[2a6-5«].  [A] 

When  the  needle  has  moved  to  its  fa) lest  extent,  then  V  =  0, 
henoe 

2a&-6'»  =  0, 
or, 

h  =  2fl, 

that  is  to  say,  Ihe  ihraw  of  the  needle  is  tioice  the  permanent  deflection. 


Throw  Produced  by  a  Permanent  Current  Combined  with  a 
Sudden  Impulse. 

74.  It  sometimes  happens  that  the  throw  of  the  needle  is  pro- 
duced by  a  sudden  discharge  superimposed  on  a  permanent  current, 
as  for  instance  when  we  have  from  a  submarine  cable  a  static  dis- 
charge superimposed  on  an  earth  current ;  we  may  then  require 
to  know  what  portion  of  the  throw  is  due  to  the  discharge  alone. 
In  this  case  we  have  W  urged  at  the  moment  the  pressure  P  is 
applied,  by  an  impulse  which  would  give  it,  say,  a  velocity  v. 
Now,  if  a  body  after  moving  from  rest  with  an  accelerated  motion, 
is  moving  with  a  velocity  V  after  it  has  passed  through  a  certain 
distance,  then  if  it  starts  oflf  with  a  velocity  v  it  will,  after  passing 
through  the  same  distance,  have  a  velocity  V^  such  that 
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Now,  the  velocity  which  W  (Fig.  67)  must  have  in  order  to 
move  it  through  the  angle  d^,  will  be  the  velo* 
city  which  it  would  aoqnire  in  falling  through 
the  distance  y,  that  is 


Fio.  57. 


but 


Therefore 


therefore 


^gyi 


y  =  2l  (8^  [B]  page  76). 


(see  [A],  page  79).     . 

When  the  needle  reaches  its  limiting  positioii,  then  Y^  =  0, 
hoDce 

or 

c^  =  6«  -  2  a  6, 
that  is 

c  =  VH^-2a).  [A] 

For  example. 

The  discharge  from  a  submarine  cable  gave  a  throw  of  300 
divisions  (6),  and  after  the  needle  had  settled  down  it  was  observed 
that  there  was  a  permanent  deflection  of  100  divisions  (a) ;  what 
would  the  throw  (c)  have  been  had  there  been  no  current  pro- 
ducing the  permanent  deflection  ? 

c  =  >/'300  (300"-  2"^i00)  =  173  divisions. 

(See  also  §  77,  page  84.) 

Correction  for  Damping. 

75.  The  swing  of  the  needle  of  a  galvanometer,  produced  by  a 
transient  current,  does  not  represent  the  actual  throw  due  to  the 
current,  but  the  full  vibration  damped  by  the  resistance  of  the  air, 
(fee. ;  if  we  wish  to  determine  the  actual  throw  which  would  take 
place  provided  no  damping  existed,  we  must  make  a  correction. 
To  obtain  the  true  formula  for  this  correction  is  a  somewhat 


Digitized  by 


Google 


GALVANOMETERS. 


81 


difficult  matter^  involving  an  intricate  calculation ;  the  following, 
however,  gives  a  cloeely  approximate  result. 

Experiment  has  proved  that  all  the  vibrations  of  a  damped 
needle  are  made  in  approximately  the  same  time,  i.e.  although 
each  vibration  is  less  in  magnitude  than  the  one  which  precedes 
it,  yet  it  takes  the  same  time  in  its  vibration.  It  is  also  known 
that  the  damping  resistance  is  approximately  directly  proportional 
to  the  velocity  with  which  the  needle  moves. 
These  two  laws  being  admitted,  we  may 
deal  with  the  problem  in  the  following 
-way: — 

Let  the  transient  current  cause  the 
weight  W  (Fig.  58)  to  swing  from  A  to  B, 
Le.  through  a  distance  a,  and  let  the  dis- 
tance through  which  it  would  have  moved 
had  there  been  no  damping  be  a^,  i.e.  the 
distance  from  A  to  C.  Also  let  the  weight, 
when  it  swings  back  from  B,  swing  to  D, 
1.6.  a  distance  h  to  the  left  of  A.  Now  we 
see  from  equations  [A]  and  [B],  page  769 
that  when  there  is  no  damping  the  work  done  in  moving  W 
through  the  distance  a^  is 

-2^  =  Kal^say, 

bat  owing  to  damping,  W  has  only  moved  through  a,  hence  we 
have 

Ka^^  =  Ka^  +  resistance  of  damping. 

If  <  be  the  time  taken  by  W  in  moving  from  A  to  B,  then  as 
the  work  done  must  be  proportional  to  the  resistance  encountered, 
i.e.  to 

where  i  is  a  constant  and  j  the  velocity,  and  as  it  must  also  be 
proportional  to  the  distance  through  which  W  moves,  therefore 


henoo 


resistance  to  damping  =  I?  7-  > 


Kai«  =  Ka»  +  )fcy, 
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or 

K(aj«-a»)  =  Ay.  [I] 

Similarly  the  work  done  bj  W  in  moving  from  B  to  A  must  be 
and  the  refliatanoe  enoonntered 

for  W  will  not  move  back  from  B  to  A  in  the  same  time  that  it 
moves  from  A  to  B  (aotuallj  it  will  move  back  slower) ;  hence  the 
energy  left  when  W  arrives  at  A  will  be 

h 

This  remaining  energy  has  to  move  W  from  A  to  D,  that  is  to 
say,  it  has  to  do  the  work 

Kb^  +  k^, 


that  is, 


or 


K(««-6«)=*(|V^).  [2] 

Dividing  [2]  by  [1]  we  get 

t  t 

Now,  the  time  taken  by  W  in  moving  from  B  to  A  will  be  to 
the  time  taken  by  it  in  moving  from  A  to  B,  as  a  to  b,  hence  we 
have 

-i  =  •=- ,    or    -2  -  -  . 
»2       0  t^       a 

Further,  the  ratio  of  the  magnitude  of  one  vibration  to  the 
magnitude  of  the  next  is  always  a  constant  quantity,  and  it  follows 
from  this  that  the  ratio  of  the  two  halves  of  one  vibration  on 


Digitized  by 


Google 


GALVANOMETERS.  83 

either  side  of  zero  will  be  in  the  same  proportion,  i.e.  it  p  be  this 
ratio 

p  s=  -Ty    or    o'*  =  —  ,     and     -  =  -  . 
0  p*  a      p 

Again,  since  the  times  of  all  the  complete  vibrations  are  the 
same,  and  since  the  ratio  of  the  halves  of  the  vibrations  on  either 
side  of  zero  is  the  same,  therefore  the  times  of  all  the  commencing 
halves  of  the  vibrations  must  be  the  same  (and  also,  of  course,  the 
times  of  all  the  concluding  halves),  hence  we  must  have 

t  =  t^,    or    ^  =  1. 
We  therefore  have 


a,2  -  a^  -        a^       ' 

or 

2      «'       «'  ,  a* 
«   -  -5       —  +  —i 
f>          PP. 

ai»  -  a^  -      o''      ' 

therefore 

therefore 

a»  p«  -  a»  =  a^^p  +  1)  -  oV  -  a^; 

therefore 

a,^{p+l)  =  aV(p+l); 

therefore 

V  =  «V, 

or 

ai  =  a  ^/p, 

76.  If  the  damping  is  very  decided,  then  if  we  note  the  ampli- 
tude of  any  two  successive  vibrations,  the  larger  divided  by  the 


Fig.  59. 

smaller  gives  us  p.  If,  however,  the  damping  is  small,  then  it  may 

be  necessary  to  take  a  large  i^^j)^f(!S?T79fe?^^^'  ^^^^^^S  ^^^ 

G  2 
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amplitude  of  the  first  and  last,  and  also  the  nnmber  of  vibrations 
made ;  from  these  we  may  calculate  the  value  of  p. 

Let  jp,  g,  r,  8  (Fig.  69)  represent  a  series  of  diminishing  vibra- 
tions, then — 

Ist  vibration  =  p 


therefore 


2nd 

=  g  =        - 
p 

3rd 

P        P' 

4th 

»               —    •   —         —       3 

p     p 

nth 

p 

p     =-, 

or 


that  is. 


,=(f)-; 


,U(?.y': 


For  example. 

The  first  of  a  series  of  vibrations  of  the  needle  of  a  galvano- 
meter was  280  divisions  ( j?),  and  the  5th  vibration  was  240  divi- 
sions {z) ;  what  was  the  correction  co-efficient,  and  what  would 
be  the  throw  on  the  instrument  when  undamped,  supposing  the 
throw  when  damped  to  be  310  divisions? 

1 
Correction  coefficient  =  (kt^^  ^^  ~  ^^  =  1  •  0195 ; 

hence  the  corrected  throw  is  310  x  1*0195  s  316  divisions. 

77.  In  the  case  of  formula  [A]  page  80,  the  correction  co- 
efficient must  be  applied  to  h  only  and  not  to  a,  as  the  latter  being 
a  permanent  deflection  is  of  course  not  affected  by  the  damping  ; 
the  result  worked  out  from  the  formula  gives  the  undamped  throw 
due  to  the  discharge  only. 
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Figure  of  Merit  of  Oalvanometeks. 

78.  The  **  figure  of  merit "  of  any  galvanometer  is  the  strength 
of  current  which  will  produce  one  division  or  degree  of  deflection. 
In  order  to  find  this  current,  we  have  simply  to  join  up  the 
galvanometer  in  circuit  with  a  battery  of  a  known  electromotive 
force,  and  a  resistance  of  a  known  value,  and  then  note  the  de- 
flection obtained ;  from  this  we  can  easily  calculate  the  current 
required  to  produce  1  degree  of  deflection ;  thus,  for  example,  if 
we  had  a  tangent  galvanometer  which  gave  a  deflection  of  50^ 
with  a  10-ceU  Daniel  battery,  that  is,  with  an  electromotive  force 
of  10  volts  approximately,  there  being  in  circuit  a  total  resis- 
tance of  1000  ohms,  then  the  current  producing  this  deflection 
would  be 

=:  'Ol  amnere. 

1000  »"*!««»• 

The  current  which  would  be  required  to  produce  a  deflection  of  1° 
would  obviously  be 

tanl°         ^,       -0175         ^^^,,^ 
'^^  ^  U^W  =  '^^  ^  ri98  =  '^^^^^^  ^'^P^'"' 

which  is  consequently  the  figure  of  merit  of  the  instrument. 

In  the  case  of  a  Thomson  galvanometer,  we  have  simply  to 
divide  the  current  by  the  deflection  obtained  with  the  latter, 
since  the  deflections  are  approximately  in  direct  proportion  to  the 
currents  producing  them. 

If  we  require  to  determine  the  figure  of  merit  of  a  galvano- 
meter whose  deflections  throughout  the  scale  are  not  proportionate 
to  any  ordinary  function  of  the  degrees  of  those  deflections,  then 
it  is  best  to  employ  a  sufficiently  low  electromotive  force  and  high 
resistance  in  circuit  to  obtain  a  few  degrees  of  deflection  only, 
and  then  to  divide  the  current  by  this  number  of  degrees ;  for  on 
every  galvanometer  the  first  few  degrees  of  deflection  are  almost 
exactly  proportional  to  the  currents  producing  them,  although  the 
higher  deflections  are  not  so. 

The  '*  figure  of  merit "  of  a  galvanometer  has  a  considerable 
bearing  upon  the  question  of  the  degree  of  accuracy  with  which 
it  is  possible  to  make  electrical  measurements,  as  will  be  seen 
hereafter. 

Sensitiveness  of  Galvanometers. 

79.  A  galvanometer  with  a  high  ^  figure  of  merit,"  that  is,  a 
galvanometer  whose  needle  will  deflect  from  zero  with   a  very 
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weak  current,  is  not  neoeBsarily  a  highly  sensitive  instrument ;  bj 
a  sensitive  galvanometer  is  meant  one  whose  needle  when  deflected 
under  the  influence  of  a  current  wiU  change  its  deflection  perceptibly 
with  a  very  slight  change  in  the  current  strength. 

In  many  tests  it  is  far  more  important  that  the  galvanometer 
used  be  one  of  great  sensitiveness  rather  than  one  with  a  high 
figure  of  merit.  As  a  rule  it  is  rarely  that  an  instrument  whose 
needle  has  a  compass  suspension  or  is  pivoted  is  highly  sensitive, 
unless  indeed  the  pivoting  is  exceptionally  good.  Practically,  it 
may  be  taken  that  for  high  sensitiveness  the  needle  must  be  sus- 
pended by  a  fine  fibre  so  that  its  movements  may  be  perfectly 
free. 

80.  In  order  to  check  the  oscillations  of  the  galvanometer 
needle  when  the  latter  is  either  deflected  under  the  influence 
of  a  current,  or  when  it  recoils  after  the  current  is  taken  off, 
Mr.  J.  Qott  suggests  that  a  small  coil  of  wire  should  be  placed  under 
the  galvanometer  in  circuit  with  a  small  battery  and  a  key,  the 
coil  being  in  such  a  position  that  when  a  current  passes  through 
it  a  deflection  of  the  needle  is  produced ;  by  a  proper  manipula- 
tion (cattily  acquired)  of  the  key,  it  will  be  found  that  the  oscilla- 
tions of  the  needle  can,  with 
such  an  arrangement,  be 
checked  in  a  few  seconds, 
and  much  time  (an  important 
item  in  some  tests)  saved. 

A  very  convenient  con- 
trivance of  this  kind  is 
manufactured  by  Messrs. 
Nalder  Bros. ;  it  consists  of 
a  coil  (Fig.  60),  which  can 
be  placed  in  any  convenient 
position  near  the  galvano- 
meter. A  double  key  enables  the  current  from  a  battery  to  be 
sent  through  the  coil  in  either  direction.  The  key  is  so  arranged 
that  when  either  lever  is  sb'ghtly  depressed,  the  current  from  the 
battery  has  to  pass  through  a  resistance,  and  thus  only  a  weak  cur- 
rent flows ;  when,  however,  either  lever  is  depressed  firmly,  then 
the  resistance  is  cut  out  of  circuit  and  the  fall  current  flows.  This 
arrangement  greatly  facilitates  the  process  of  checking  the  oscil- 
lations, and  altogether  is  a  most  useful  device. 


Y 


Fig.  60. 
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CHAPTER  IV. 
SHUNTS. 

81.  In  making  oertain  measnrementB  we  sometimes  find  that, 
owing  to  the  sensitiveness  of  the  galvanometer,  we  are  unable  to 
obtain  a  readable  deflection,  in  consequence  of  the  needle  being 
deflected  up  to  the  stops.  We  may  reduce  this  sensitiveness  by 
the  insertion  of  a  Shuni  between  the 
terminals  of  the  instrument.  This 
arrangement  is  shown  by  Fig.  61. 

If  it  is  required  to  reduce  the 
strength  of  current  which  ordinarily 
passes  through  the  galvanometer  to    f  "^ 

any  proportional  part  of  that  current,    |^     _ 
we  must  calculate,  from   the  resist- 
ance of  the  galvanometer,  what  the 
resistance  of  the  shunt  should  be  to 
effect  that  purpose.  Fig.  61. 

Now,  if  we  call  G  the  current  pass- 
ing through  the  galvanometer  without  a  shunt,  then  on  introducing 
the  shunt,  C  will  divide  between  the  two  resistances,  the  greater 
portion  of  the  current  going  through  the  smaller  resistance,  and 
the  smaller  portion  through  the  greater.  Thus,  if  we  suppose  the 
total  current,  which  passes  from  one  terminal  of  the  galvanometer 

to  the  other,  to  consist  of  G+  S  parts,  then  g-—^  of  these  parts 

a 
will  go  through  the  shunt,  and  r^—g- parts  through  the  galvano- 
meter ;  that  is  to  say,  the  current  going  through  the  shunt  will 
be 

G 
^G  +  S' 

and  the  current  going  through  the  galvanometer, 

S 


^gTs- 
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If,  in  this  last  quantity,  we  put  S  =  G,  then  onrrent  going  thnmgh 
galvanometer  will  be 

G  C 


C 


G+G~  2* 


Again,  if  we  make  S  =  — ,  current  going  through  galvanometer 

will  be 

G 

2  C 


C 


G  +  l     » 


Onoe  more,  if  S  be  made  equal  to  — ,  current  going  through  gal- 

o 

vanometer  will  be 

G 
P_3 C 

Finally,  if  S  be  made  equal  to -• ,  then  current  going  through 

galvanometer  will  be 

G 
^      n  -  1  C 


^  G         » 

^n-  1 

From  this  it  is  evident,  that  to  reduce  the  current  flowing 
through  the  galvanometer  to  its  -th  part,  we  must  insert  a  shunt 

whose  resistance  is     ^    th  part  of  the  resistance  of  the  galvano- 
meter. 

82.  In  many  galvanometers  three  shunts  are  provided,*  which 
enable  the  strength  of  current  flowing  through  the  same  to  be 
reduced  to  its  ^th,  xiry*^*  ^^  nnru^  P*'^**  From  what  has-been 
said,  it  will  be  evident  that  the  resistances  of  the  shunts  necessary 
to  produce  these  results  will  have  to  be  respectively  the  ^th,  Vd^^> 
and  vii^th  part  of  the  resistance  of  the  galvanometer. 

♦  Page  63. 
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We  are  thus  enabled  to  reduce  the  sensitivenesB  of  the  galvano- 
meter to  any  one  of  these  three  proportions  we  wish. 

MilHplying  Power  of  ShwUs. 

83.  Suppose  now,  in  making  a  measurement,  we  plaoed  a  re- 
sistance bbx  for  a  shunt  between  the  terminals  of  the  galvano- 
meter, and  then  adjusted  it  until  we  obtained  a  convenient 
deflection  for  the  purpose  we  required ;  what  deflection  should  we 
obtain  on  removing  the  shunt?  Let  us  call  C,  as  before,  the 
current  which  passes  through  the  galvanometer  when  no  shunt  is 
inserted,  and  let  G^  be  the  current  which  flows  through  it  when 
the  shunt  is  inserted,  then  the  current  which  flows  through  the 
shunt  will  be 

C-C,. 

Now  the  two  currents  will  flow  through  the  shunt  and  galvano- 
meter in  the  inverse  proportion  of  their  resistances,  that  is, 

therefore 

Or  expressed  in  words,  we  should  say  that  the  current  which  would 

flow  through  the  galvanometer,  when  the  shunt  was  removed, 

- ,  ,     Galvanometer  +  Shunt  ,.        ,,       ^        ,,     ^ ,, 

would  be  ^r — ' times  the  strength  of  the  current 

•  onUfu 

which  flows  when  the  shunt  is  inserted.     This  proportion  is  called 

the  muUiplying  power  of  the  shunt. 

CompeiMcUing  Besistancei, 

84.  It  vdll  be  noticed  in  a  circuit  like  that  shown  by  Fig.  53, 
that  when  a  shunt  having  a  resistance  equal  to  that  of  the  galvano- 
meter is  introduced  between  the  terminals  of  the  latter,  it  will  not 
exactly  halve  the  current  passing  through  the  instrument.  If  we 
used  a  tangent  galvanometer,  we  should  find  that  if  the  deflection 
without  the  shunt  were  40  divisions  on  the  tangent  scale,  then  the 
introduction  of  the  shunt  would  not  bring  the  deflection  down  to 
20,  but  to  s6me  deflection  greater  than  20.  The  reason  of  this  is 
that  the  introduction  of  the  shunt  reduces  the  total  resistance  in 
the  battery  circuit,  and  consequently  increases  the  strength  of  the 
current  passing  out  of  the  battery.    It  is  this  increased  current 
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then,  which  splits  between  the  galvanometer  and  shont,  and  not 
the  original  cnrrent.  If  it  is  required  to  make  np  for  this  de- 
creased resistance  caused  by  the  introduction  of  the  shunt,  it  is 
necessary  to  add  in  the  battery  circuit  a  compensating  reMiance 
equal  in  value  to  the  amount  by  which  the  original  resistance  has 
been  reduced.  In  order  to  obtain  this,  we  must  first  consider  the 
law  of 

The  Joint  Besitiance  of  two  or  more  Parallel  Circuits, 

85.  If  we  have  several  wires  whose  resistances  are  B^,  B,* 
Ba*...  respectively,  then  conductivity  being  the  inverse  or 
reciprocal  of  resistance,  their  conductivities  may  be  represented  by 

IT'  ^5">  iT  •  •  •  •  ^ow  the  joint  conductivity  of  any  number  of 
Ui  Kj  1*3 

wires  is  simply  the  sum  of  their  respective  conductivities.    Thus, 

two  wires  of  equal  conductivities,  when  joined  parallel  to  one 

another,  will  evidently  conduct  twice  as  well  as  one  of  them ;  and 

in  like  manner,  three  wires  will  conduct  three  times  as  well  as  one. 

Similarly,  two  wires,  one  of  which  has  a  conductivity  of  2,  will, 

when  combined  with  one  which  has  a  conductivity  of  1,  produce  a 

conductivity  of  2  +  1  or  3,  for  this  is  simply  the  same  as  joining 

up  three  wires,  each  having  a  condactivity  of  1 ;  and  so  with  any 

number  of  wires. 

Therefore  the  joint  conductivity  of  the  several  resistances,  or  of 

the  multiple  arc,  as  the  combination  is  called,  will  be 

and  conductivity  being,  as  we  have  said,  the  reciprocal  of  resist- 
ance, the  resistance  of  the  wires  will  be  the  reciprocal  of  this 
sum,  or 

1 

T  "H"     •    "5      «"   •  •  •  • 
1  "3  -tts 

That  is  to  say,  the  Joint  resistance  of  any  number  of  wires  joined 
parallel  to  one  another  is  e^ial  to  the  reciprocal  of  the  sum  of  the 
reciprocals  of  their  respective  resistances, 

A  particular  case  of  these  combinations  is  that  of  a  joint  resist- 
ance of  two  resistances,  thus 

1 _    B^R, 
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or,  the  joint  resisianee  of  two  resistances  joined  jparaUel  to  one  another 
is  equal  to  their  product  divided  hy  their  sum. 

86.  Applying  the  foregoing  law,  the  reBistance  between  the 
terminals  of  the  galvauoaieter  before  the  introdnction  of  the 
shunt  being  G,  that  on  the  introduction  of  the  shunt  will  be 

^          •      Or,  as  S  is  usually  made  some  fractional  value  of  G, 
say  the -th  part  (which  value  would  be  used  in  reducing  the 

sensitiveness  of  the  galvanometer  to  -th),  this  combined  resistance 
will  be 


G 


G 


G 


n  -  1 


n-  1 


G  + 


G 


1  + 


G 
n  * 


[IJ 


n - 1       ■ • n- 1 
The  resistance  therefore  to  be  added  to  the  battery  circuit  will  be 

[2] 


ft  n 


For  example. 

It  was  required  to  reduce  the  sensitiveness  of  a  galvanometer, 
whose  resistance  was  100  ohms  (G),  to  ^th.  What  should  bo  the 
resistance  of  the  shunt  and  of  the  compensating  resistance? 

Besistance  of  shunt  equals 


100  X 


5  -  1 

and  compensating  resistance  equals 

5  -  1 


=  25  ohms, 


100  X 


=  80  ohms. 


Fig.  62  shows  how  a  set  of  shunts  and  compen- 
sating resistances  may  be  adapted  to  any  galvano- 
meter; we  will  consider  how  their  values  may  be 
determined. 

Let  S,  Si,  Sj,  be  the  shunts  which  can  be  con- 
nected to  the  galvanometer  by  inserting  plugs  at  A> 
B,  or  C. 

Let  fi,  r,,  r„  be  the  compensating  resistances,  and 
let 

r,  4-  r^  +  r,  =  R,  f  3] 

r,  +  r,  =  R,.  [4] 


Fig.  62. 
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Now,  what  we  have  to  do,  is  to  find  what  valaes  of  S,  Sj,  83, 
and  r^,  r,,  n,  are  neoessary,  so  that  when  a  plug  is  introdnoed 
either  at  A,  B,  or  C,  the  resistance  between  D  and  E  shall  always 
be  the  same,  whilst  the  necessary  portion  of  the  current  is  shnnted 
off  from  the  galvanometer. 

Let  ns  first  consider  the  shunt  S  and  the  compensating  resist- 
ance which,  in  this  case,  will  be  B^. 

When  the  shunts  and  compensating  resistances  are  not  in  use, 
the  resistance  in  circuit  is  of  course  G,  and  this  value  must  always 
be  preserved  between  D  and  E. 

Let  the  value  of  the  shunt  S  required  be  ~th,  then  we  know 

(pag^  88)  that  the  resistance  of  B  necessary  to  give  this,  is 

and'&om  [2]  (page  91)  that  the  value  of  B^  mtut  be 

B,  =  QlZLi.  ffi] 

We  next  have  to  consider  what  value  to  give  to  S^  and  Bj. 
Let  it  be  required,  by  means  of  these  resistances,  to  reduce  the 

deflection  by  —  th,  then  the  value  to  be  given  to  S^  will  be 

">  -  «i  -  1 ' 

to  soIyo  which  we  must  know  the  valae  of  r^. 

Now  the  combined  resistance  of  the  shunt  and  Q  +  >*!  wo  can 
SCO  from  [1]  (page  91)  is 

therefore  the  value  required  to  be  given  to  Bj,  in  order  to  preserve 

the  resistance  between  D  and  E,  equal  to  G,  when  S^  is  connected, 

will  be 

p       r      ^  +  ^1 
B,  =  G  -  -^, 

or 

K,  +  !i  =  G^-^^:::-^  [6] 


Wi  Wi 
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but  from  [3],  [4J,  and  [5]  (page  92) 

E,  +  r,  =  B,  =  G?^;  [7] 

therefore,  subtracting  [7]  from  [6],  we  have 

Li  -  r.  =  Gf*?!^  -  "^J^)  =  Gt^LHl; 
that  is, 

Wi  n  fij 

or 

«  —  w, 


r,  =  G, 


consequently  the  value  of  Sj  will  bo 


1+        *»-" 


In  like  manner  it  oould  be  shown  that  the  resistance  necessary  to 
give  to  Sj  and  r^  +  r,  to  reduce  the  deflection  to  its  — th  part 
would  be 

and 


or 

^   -  n      


r,  =  G     ?"^l.-n. 


Finally  we  have  from  [3J  and  [6]  (page  92) 

r,  =  Bi  - 
To  summarise,  then, 


r,  =  Bi  -  {r^'\'r;)  =  G'^-i  -  (r^  +  r,). 


S  =  G     ^ 
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and  for  any  other  shunt  Sp 


The  compensating  resistances  between  the  shunts  will  be 

n  -^  n^ 


and  also  we  have 


n  +  ''a  +  .    .    .  +  r,.  =  G  - 


«P-1 
or 

The  2a<t  resistance  Vi  beyond  the  last  shnnt  will  bo 

'•|  =  G^^^^ (»'i+ra+.    .    .+^). 

For  eoMimpZfi, 

It  was  required  to  proyide  a  galvanometer  with  i^th,  y^th, 
and  nfW^  shunts,  and  with  corresponding  compensating  resist- 
ances arranged  according  to  Fig.  62  (page  91).  What  should  be 
their  values? 

We  have 

n  =  1000,     n^  =  100,     n,  =  10 ; 

therefore 

n  -  1  =  999,     111  -  1  =  99,    n^  -  1  =  9. 
Then 

S  =  G^J-  =  Gx  -001001, 

Si  =  G-- ,^,^-^-^^^^       nn  =  C^  X  -010193, 
*  1000  X  99  X  99  ' 

S«  =  »roSV^  =  ^><  -123333; 
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and 


from  which 
also 


^    1000   -    100  ^  r.^^r.^r.r. 

^1=^  1000x99  =QX'QQ^Q^Q^> 

^1000-10       ^ 
r,  +  r,  =  G  jQQQ  X  9  =  ^  ^  '^^' 

rj  =  G(-ll  -  -0090909)  =  G  X  -1009091 ; 
999 


n  =  G^  -  (•"1  +  ^2)  =  Cl(-999  -  -11)  =  G  X  -889. 

If  the  resistanoe  of  the  galvanometer,  for  which  these  shunts 
and  compensating  resistances  are  to  be  provided,  is  5000  ohms, 
then 

S  =  6000  X  -001001  =  5-005  ohms. 
Si  =  5000  X  -010193  =  50-965  „ 
S,  =  5000  X  -123333  =  616-655  „ 
r^  =  5000  X  -0090909  =  45-455  „ 
r^  =  5000  X  -1009091  =  504-545  „ 
r,  =  5000  X  -889  =  4445-000      „ 

Pig.  63  shows  in  plan,  and  Fig.  64  in  general  view,  an  ordinary 


Fig.  64. 

^  real  size 
Fig.  63. 

Thomson  galvanometer  shunt  box  arranged  with  compensating 
resistances,  as  manufactured  by  Messrs.  Nalder  Bros. 
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The  plug  hole  -,  when  it  has  a  plug  inserted  in  it,  connects 

the  top  left-hand  brass  block  to  the  bottom  left-hand  block,  and 
so  leaves  the  galvanometer  connected  to  the  terminals  of  the 
shunt  box  without  any  additional  resistance  in  its  circuit.  The 
connection  between  these  brass  blocks  is  shown  by  the  dotted 
line  in  Fig.  62  (page  91). 

Adjustment  of  Shunts, 

87.  The  accurate  adjustment  of  ordinary  shunts  is  often  a 
somewhat  troublesome  operation,  in  consequence  of  the  numerical 
values  of  the  resistances  of  which  the  shunts  are  composed  not 
being  whole  numbers ;  thus,  supposing  the  resistance  of  the  gal- 
vanometer to  be  5000  ohms,  then  the  resistance  of  the  ^th  shunt 
would  have  to  be  5000  4-  9,  or  555*  56 ;  and,  practically,  this  could 
not  be  adjusted  to  a  greater  degree  of  accuracy  than  one  decimal 
place.  Similarly,  the  y^th  shunt  should  have  a  resistance  of 
5000 -r  99,  or  50*505,  and  the  n)W^^  shunt  a  resistance  of  5000 
-r  999,  or  5  *  005,  both  of  which  numbers  are  somewhat  awkward 
to  adjust  exactly. 

Now  on  page  91  (equation  [Ij)  we  saw  that  the  combined 

resistance  of  the  galvanomeiter  and  its  shunt  was  — ,  consequently 

to  adjust  the  ^th  shunt  we  may  connect  it  to  its  galvanometer 
coil,  and  adjust  it  until  the  joint  resistance  of  the  two  becomes 
equal  to  5000  -r  10,  or  500  ohms.  Similarly,  the  xirr^^  shunt 
would  be  adjusted  by  connecting  it  to  the  galvanometer  coil,  and 
adjusting  it  until  the  joint  resistance  was  found  to  be  5000  -f- 100, 
or  50  ohms ;  lastly,  in  like  manner  we  should  adjust  the  -n^th 
shunt  until  the  combined  resistance  of  the  two  became  5000  -7- 
1000,  or  5  ohms. 


Ayrton  and  Mather's  Universal  Shunt. 

88.  As  shown  by  Fig.  65,  let  the  galvanometer  be  connected 
across  its  terminals  by  a  resistance  r,  and  suppose,  first,  lead  1  to 
be  connected  to  the  point  p  at  the  end  of  r,  then  if  G  be  a  current 
in  lead  1,  this  current  will  divide  at|>,  and  the  portion  C^,  passing 
through  the  galvanometer,  will  be 
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If  now  the  end  of  lead  1  be  oonneoted  to  any  point  |>,  between 


Fio.  65. 


Fio.  66. 


the  ends  of  r  (Fig.  66),  then  thp  current  C,,  passing  through  the 
gaWanometer*  wiU  be 


so  that 


0 


r 


Cj  ^     r  +  g  _  r 


C, 


b' 


r  +  g 


or 


that  is,  the  multiplying  power  (§  83)  of  the  shunt  is 

r 

a  ratio  which  as  it  does  not  contain  g^  the  resistance  of  the  gal- 
Tanometer,  is  indqffendeiU  of  the  resisianee  of  the  latter.  This  fact, 
then,  enables  a  shunt  box  to  be  constructed  which 
can  theoretically  be  used  with  any  galyanometer. 

To  practically  apply  the  principle,  the  shunt 
box  would  be  arranged  as  shown  by  Fig.  67 ;  the 
total  resistance  a  +  h  +  e  +  d  being  any  conveni- 
ent value,  and  h+c+d  being  iVth,  e  +  d  riir^h, 
«*d  d  -nfcv*^  of  a  +  h  +  e  +  d;  then,  if  a  +  6  + 
e  +  d  were  made,  for  example^  1000  ohms,  a,  fc,  i% 
and  d  would  have  the  following  values : — 

d  =  l  (since  1  =  ttAht*  of  1000) 

c  =  9  (since  9  +  1  =  10  =  yj^th  of  1000) 

fc  =  90  (since  90  +  9  +  1  ^  100  =  i\ythof  1000) 

a  =  900  (since  900  +  90  +  9  +  1  =  1000). 
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As  stated,  this  arrangement  of  shunt  box  is  one  which,  theo- 
retically, enables  the  latter  to  be  nsed  for  any  galvanometer, 
that  is  to  say,  for  example,  it  may  be  nsed  either  with  a  gal- 
vanometer of  1  ohm,  or  with  a  galvanometer  of  10,000  ohms, 
resistance.  The  question  then  arises,  is  there  any  particular 
value  which  it  is  advisable  to  give  to  r?  Now,  the  normal 
condition  of  the  galvanometer  is  when  the  leads  are  connected 
to  the  two  ends  of  the  shunting  resistance,  and  if  this  resist- 
ance is  low  it  will  obviously  have  the  effect  of  reducing  the 
figure  of  merit  (page  85)  of  the  instrument,  which  would  probably 
be  undesirable.  On  the  other  hand,  if  r  is  made  high  compared 
with  g^  then  when  lead  1  is  shifted  to  an  intermediate  point  on  r, 
it  introduces  a  high  resistance  into  the  circuit  between  the  two 
leads.  Thus,  for  example,  if  g  were,  say,  100  ohms,  and  r,  say, 
10,000  ohms ;  then,  when  the  leads  are  connected  at  the  ends  of  r, 
the  10,000  ohms  will  only  reduce  the  figure  of  merit  of  the  gal- 
vanometer by  about  one  per  cent.,  whilst  the  actual  resistance 
between  the  leads  will  be  rather  less  than  100  ohms  (that  is,  100 
combined  in  multiple  arc  with  10,000) ;  but  when  lead  1  is  moved 
along  r  to  the  position  at  which  g  becomes  shunted  to  -^ih^  that 
is  to  say,  to  the  position  at  which  h  (Fig.  66)  is  1000,  then  the 
resistance  between  the  leads  becomes  increased  from  rather  less 
than  100  ohms,  up  to 

1000  (9000  +  100)  ^  QQ- 
1000  +  9000  +  100  ' 

If  r  is  10  times  ^,  then  the  resistance  between  the  leads  is 
the  same  when  the  latter  are  connected  either  at  the  ends  of  r, 
or  at  the  intermediate  point  at  which  the  galvanometer  is  shunted 
to  i^th.  With  such  a  shunt  the  figure  of  merit  of  the  instrument 
would  be  reduced  about  10  per  cent.,  an  insignificant  amount. 
Lastly,  if  r  has  a  resistance  less  than  10  times  ^,  then  the  resist- 
ance between  the  leads  when  the  latter  are  connected  at  the  i^^th 
shunt  point,  will  be  less  than  the  resistance  when  the  leads  are 
connected  at  the  ends  of  r  (as  would  be  the  case  with  an  ordinary 
set  of  shunts),  but  the  shunting  effect  of  r  commences  to  become 
apparent  upon  the  figure  of  merit  of  the  galvanometer. 

Although,  therefore,  no  definite  rule  can  be  laid  down,  it 
would  probably  be  advisable  to  have  the  value  of  r  about  10 
times  the  average  value  of  the  resistances  of  the  galvanometer 
with  which  the  shunt  is  likely  to  be  used ;  that  is,  assuming  that 
•j3^th  is  the  highest  shunt  that  the  box  is  arranged  for,  the  other 
shunts  being  as  usual  yj^th  and  riAnJ**^* 
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Ab  manufactured  by  Messrs.  Nalder  Bros.,  the  Ayrton-Mather 
ahnnt-boxes,  Fig.  68,  are  arranged  with  ^rd,  t^th,  ^th,  yirr*!^* 
^th  and  r^^^  shunts,  which  would  be  most  suitable  for 
galvanometers  having  an  average  resistance  3  times  the  value 
of  r. 

The  special  advantage  of  the  Ayrton-Mather  shunt  is  its  use 
for  D'Arsonval  (page  68),  or  ballistic  (page  74)  galvanometers,  in 
which  the  error  which  occurs  when  ordinary  shunts  are  employed, 
and  which  is   referred   to  in 
Chapter   XI.   (Correction    for 
Discharge  Deflections),  becomes 
greatly  magnified  owing  to  the 
heavy  magnets  employed.   The 
use  of   a    constant  resistance 
r  across  the  terminals  of  the 
instruments    makes    the   path 
through  which  the  induced  cur-    > 
rent  due  to  the  movement  of 
the  needle    circulates,  always 
the  same,  and  entirely  gets  rid 
of  the  error. 


Fig.  68. 


89.  It  has  been  shown  in  a  previous  chapter  (page  48)  that  the 
deflections  on  the  scale  of  a  Thomson  galvanometer,  except  when 
they  are  nearly  equal,  are  not  directly  proportional  to  the  current 
strengths  which  produce  them,  and  that  to  compare  them  a  formula 
must  be  used.  If  we  wish  to  avoid  the  use  of  this  formula  we 
must  adopt  some  method  of  avoiding  widely  different  deflections. 
This  we  can  do  by  using  a  variable  shunt  for  the  galvanometer, 
and  with  it  obtaining  either  equal,  or  nearly  equal,  deflections  for 
all  measurements  made  in  one  set  of  tests. 

The  graduated  scale  of  any  galvanometer,  it  should  be  recol- 
lected, is  not  only  for  the  purpose  of  enabling  the  strengths  of 
two  or  more  currents  to  be  compared  by  different  deflections,  but 
is  also  for  the  purpose  of  enabling  any  deflection  which  may  be 
obtained  to  be  reproduced  when  required. 

90.  It  is  best  to  obtain  as  high  a  deflection  as  possible,  for 
then  not  only  will  a  slight  variation  from  the  correct  resistance  of 
the  shunt  produce  a  greater  number  of  degrees  of  variation  from 
the  deflection  required,  than  would  be  the  case  if  a  low  deflection 
were  used  (§  69,  page  73),  but  also  a  higher  resistance  being 
required  for  the  shunt,  a  greater  range  of  adjustment  is  given 
to  it. 

H  2 
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OalQnration  of  OaivanometerB. 

91.  By  the  help  of  the  points  we  have  considered  we  can 
graduate  or  eaUhrate  (page  47)  the  scale  of  a  galvanometer.  To 
do  this,  first  calculate  from  the  known  resistance  of  the  gal- 
vanometer, the  resistance  of  shunts  required  to  reduce  the  amount 
of  current  passing  through  the  galvanometer  when  no  shunt 
is  inserted,  to  ^,  ^,  ^,  ^,  Ac.,  the  amount  passing  when  a  shunt  is 
inserted,  then  the  resistance  of  the  shunts  necessary  to  reduce 
the  current  to 

it  ij  i»  T9  •   •   •   •  7*^ 

wiD,  as  we  have  shown,  he 

i,i»J,i»  •  .  •  .  rr^ 

of  the  resistance  of  the  galvanometer.  Kow,  as  we  have  also 
shown,  the  insertion  of  shunts  reduces  the  resistance  of  the  circuit 
in  which  the  galvanometer  is  placed;  we  must  therefore  also 
calculate  the  resistances  necessary  to  be  inserted  in  the  circuit  in 
order  to  compensate  for  the  reduction  of  resistance  which  takes 
place  when  a  shunt  is  inserted.  These  resistances  will  be  re- 
spectively 

i»  l>  I,  it  •   •   •   •  ^* 

of  the  resistance  of  the  galvanometer. 

The  shunts  and  their  compensating  resistances  being  calcu- 
lated, to  calibrate  the  galvanometer  we  proceed  as  follows :~ 

The  galvanometer,  a  resistance  box,  and  a  battery  are  joined 
up  in  circuit.  The  ^  shunt,  that  is,  the  shunt  equal  in  resist- 
ance to  the  galvanometer,  is  then  inserted,  together  with  the 
corresponding  compensating  resistance  in  the  resistance  box. 
Sufficient  resistance  is  now  added  in  the  latter  to  bring  the 
deflection  down  to,  say  1°;  the  shunt  and  compensating  resist- 
ance are  then  removed,  and  as  the  resistance  in  circuit  is  the 
same  as  before,  and  also  the  whole  of  the  current  passing  in  the 
circuit  now  passes  through  the  galvanometer,  the  strength  of 
current  affecting  it  is  exactly  double  that  which  deflected  the 
needle  originally;  the  deflection  of  the  needle,  therefore,  now 
represents  a  strength  of  current  double  that  of  the  previous 
experiment.  We  next  insert  the  \  shunt  and  its  compensating 
resistance,  and  by  again  adjusting  the  resistance  coils,  obtain  a 
deflection  of  1°;  on  now  removing  the  shunt  and  compensating 
resistance  we  get  three  times  the  strength  of  current  passing 


Digitized  by 


Google 


SHUNTS.  101 

through  the  galvanometer ;  the  deflection  obtained  therefore  will 
represent  that  strength,  and  so  by  inserting 

ifi»  •   •  •    •  ^th 

shnntB  one  after  another,  and  repeating  the  process  described,  we 
can  get  the  deflections  corresponding  to  strengths  of  onrrent  equal 
to  1»  2,  3,  4,  ....  n,  and  the  scale  can  be  marked  correspond- 
ingly; or  these  deflections  and  the  corresponding  currents  pro- 
ducing them  can  be  embodied  in  a  table,  so  that  by  referring  to  the 
latter  we  can  at  once  see  the  relatiye  powers  of  yarious  currents 
giving  different  deviations  of  the  needle. 

92.  It  is  evident  that  i^  in  making  a  measurement,  we  want  to 
reduce  the  deflection  of  our  galvanometer  to  a  readable  value,  we 
can  do  so,  either  by  placing  a  large  resistance  in  the  circuit  of  the 
instrument,  or  by  introducing  a  shunt  between  its  terminals.  It 
is  possible  also,  in  certain  cases,  to  produce  the  same  effect  by 
connecting  a  shunt  between  the  poles  of  the  battery,  but  this  is 
not  always  advisable,  as  it  interferes  with  the  constancy  of  the 
latter. 

If  the  resistance  of  the  battery  and  galvanometer  in  a  simple 
circuit  be  very  high  it  requires  a  very  considerable  increase  of 
renstanoe  in  the  circuit  to  produce  an  alteration  in  the  deflection 
of  the  galvanometer  needle,  whereas  just  the  reverse  is  the  case  if 
a  shunt  be  used  to  produce  that  effect.  This  fact  is  an  important 
one,  as  it  has  a  considerable  bearing  upon  the  accuracy  with  which 
measurements  can  be  made. 
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CHAPTEB  V. 
MEASUREMENT  OF  GALVANOMETER  RESISTANCE. 

Half  Deflection  Method. 

98.  The  simplest  method  of  determining  the  resistance  of  a 
galvanometer  is  perhaps  the  one  we  have  already  given  on  page  5 
(§  9).  In  this  method  it  will  be  seen  we  joined  np  the  galvano- 
meter, whose  resistance  (O)  was  required,  in  circuit  with  a  battery 
of  very  low  resistance,  and  having  obtained  a  certain  deflection 
we  added  a  resistance  B,  so  that  the  current  passing  in  the  circuit 
became  halved  in  strength ;  the  resistance  (G)  of  the  galvanometer 
was  then  equal  to  the  resistance  B. 

If  we  were  measuring  the  resistance  of  a  tangent  galvanometer, 
the  deflections  obtained  should  be  such  that  the  tangent  of  one 
deflection  is  half  the  tangent  of  the  other,  the  precaution  against 
having  the  deflections  too  high  or  too  low  being  duly  taken  (§  31, 
page  26). 

94.  In  measuring  the  resistance  of  an  ordinary  galvanometer 
by  this  method  it  would  be  necessary  to  know  what  ratio  the 
deflections  bore  to  the  current  strengths  producing  them,  so  that 
the  resistance  may  be  adjusted  accordingly. 

A  convenient  arrangement  is  to  employ  a  tangent  galvanometer 
of  a  known  low  resistance  in  circuit  with  the  galvanometer  whose 
resistance  is  required,  and  to  take  the  readings  from  the  tangent 
galvanometer,  then  the  resistance  B  will  evidently  be  the  resist- 
ance of  the  two  galvanometers  together.  If,  then,  we  subtract 
from  this  result  the  known  resistance  of  the  tangent  galvanometer, 
we  get  the  resistance  we  are  trying  to  obtain.  If  we  have  not  a 
tangent  galvanometer  at  hand,  and  if  moreover  we  cannot  tell 
what  ratio  the  deflections  bear  to  the  current  strengths  producing 
them,  we  must  of  course  employ  a  different  method  of  testing. 

95.  Another  method  given  on  page  5  (§  8)  consisted  in  joining 
up  the  galvanometer,  whose  resistance  (G)  was  required,  in  circuit 
with  a  resistance  p,  and  a  battery  of  very  low  resistance,  and 
having  obtained  a  certain  deflection  to  increase  p  to  B,  so  that  the 
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current  pasung  in  the  cironit  became  halved  (as  indioated  by  the . 
galvanometer  deflection) ;  the  resifitanoe  (G)  of  the  galvanometer 
then  given  by  the  formxda 


G  =  B  -  2p. 
For  example. 

With  a  tangent  galvanometer  whose  resistance  (G)  was  to  be 
determined,  and  a  battery  whose  resistance  was  very  small,  we 
obtained  with  a  resistanoe  in  the  resistance  box  (as  the  set  of 
resistance  ooils  is  sometimes  termed)  of  10  ohms  (p)  a  deflection  of 
58^,  and  by  increasing  the  resistanoe  to  120  ohms  (B)  the  deflec- 
tion was  reduced  to  38j^°  (tan  38j^°  s  ^  tan  58'');  what  was  the 
resistance  of  the  galvanometer  ? 

G  =  120  -  2  X  10  =  100  ohms. 

96.  In  the  foregoing^  and  indeed  in  all  tests,  it  is  important  to 
consider  what  resistances  and  battery  power  should  be  employed 
to  nnke  the  measurements,  so  that  the  greatest  possible  accuracy 
may  be  ensured. 

If  we  employ  very  high  resistances  to  measure  a  low  resist- 
ance, a  considerable  alteration  in  the  former  would  produce  but 
little  alteration  in  the  current  flowing  through  the  galvanometer, 
for  the  electromotive  force  being  constant,  this  current,  and  con- 
sequently the  galvanometer  deflection,  is  dependent  upon  the  total 
re^stance  in  the  circuit,  and  an  alteration  of  severtd  units  in  a 
large  total  practically  leaves  its  value  the  same,  but  then  a  few 
units  too  much  or  too  little  inserted  in  a  formula  may  make  the 
result  appear  very  much  greater  or  less  than  its  trae  value.  Thus, 
in  the  test  we  have  been  considering,  suppose  the  battery  power 
had  been  such  that  we  found  it  necessary  to  have  the  resistance 
p  ss  2000  ohms,  and  that  to  halve  the  deflection  we  found  it 
necessary  to  increase  p  to  4100  ohms  (B),  this  would  make  the 
resistance  of  the  galvanometer  to  be,  as  we  saw  before, 

G  =  4100  -  2  X  2000  =  100  qhms. 

Now,  practically,  if  the  resistanoe  B  had  been  made  4200  ohms 
the  deflection  would  have  been  halved ;  whatever  difierence  there 
was,  would  scarcely  be  appreciable. 

If  now  we  work  the  reisult  out  from  the  formula  we  get 

G  =  4200  -  2  X  20Q0  =  200  ohms, 
or  double  what  it  ought  to  be.    It  is  possible  indeed  that  the  error 
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tiight  be  greater  than  this.  The  teat,  in  fact,  would  be  quite 
uaelesB. 

In  order  to  hare  the  beat  ohance  of  aoouraoy  we  should  make 
our  resistanoes  as  low  as  possible,  for  'then  a  small  change  or  error 
in  the  latter  produces  the  greatest  increase  or  decrease  in  the 
current,  and  consequently  also  in  the  deflection  of  the  galyano- 
meter  needle,  and,  on  the  other  hand,  it  produces  the  smallest 
error  in  the  value  of  O,  when  the  latter  is  worked  out  from  the 
formula. 

In  order  to  make  B  as  low  as  possible  it  is  evident  that  we 
must  make  p  as  low  as  possible. 

97.  What(ifl^Mo/aoriira0y  ifiattunableiDmakiDgtheteflt?  This  is  depen- 
dent npon  the  **  total  possible  peroentage  of  enor  which  may  exist  in  the  second 
deflection  "  (<  43,  page  45).  We  ha^e  then  to  oonsider  what  error  in  the  value 
of  G  the  total  error  in  the  second  deflection  will  canse. 

The  error  in  G  must  be  occasioned  bj  the  value  of  R  being  obtained  iiioor- 
reotly,  this  wrong  value  of  B  being  due  to  an  error  made  in  reading  the  magni- 
tude of  the  second  deflection.    If  in  the  formula 

G  =  B-2^ 

we  make  a  mistake  of,  say,  k\  per  cent  in  B,  then  the  resulting  peroentage  error 

A',inGwiabeX'=sX',g- 

Kow  the  aconracj  with  which  we  can  acfjiiflt  B  is  direotlj  dependent  upon  the 
aocaracy  with  which  we  can  adjust  (G  +  BX  for  the  latter  is  the  toial  resistance 
in  the  drouit  of  the  galvanometer,  and  therefore  any  change  or  error  made  in  the 
value  of  the  galvanometer  deflection  (the  second  deflection)  must  be  in  direct 
proportion  to  the  change  or  error  made  in  (G  +  B) ;  consequently  if  we  are  liable 
to  make  an  error  of  y  per  cent  in  the  value  of  the  second  deflection,  and  an  error 
of  X',  per  cent  in  B,  then  we  must  have 

7':Vi::B:G-f  B, 

_(G  +  B)y. 
^1- g 

but  _ 

A'  =  x'ig,   or,   ^i  =  Ag» 

and 

G  =  B-2fi,    or^    B  =  G  +  2fi, 
therefore 

'"&= B • 

hence 

V  =  2(l  +  ^)y.  [A] 

For  example. 

In  measuring  the  resistance  of  the  galvanometer  in  the  example  given  in  (  95, 
page  103,  it  was  known  that  the  **total  possible  peroentage  of  error  (;/)  which 
could  exist  in  the  second  deflection**  oould  not  exceed  1*7  per  cent  (Example  2, 
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page  46).  What  woold  be  the  peioentage  of  aocmaoj  (x')  with  which  the  ?alae 
of  G  ooold  be  detemimed? 

V  =  2(l  +  j-^)  1-7  =  8-7 per  cent 

A  nngle  ceU  of  a  batterj  ie  the  lowest  deetromotive  fone  that  oan  be  piaeti- 
oallj  employed  in  making  the  teet»  bnt  we  may  ifaid  that  thit  one  cell  givea  too 
low  a  deflection  with  the  lowest  Talne  we  can  give  to  ^  that  is  0,  and  two  cells 
too  high  a  deflection;  we  shoold  haTe,  therefoie,  to  employ  two  cells  and  then 
increase  p  until  the  proper  deflection  is  obtained.  Now  on  pages  103  and  lOi  it 
was  pointed  ont  that  it  is  best  to  make  p  of  a  low  yalne,  so  that  the  deyiation  of 
the  needle  from  its  ooneot  position,  when  B  is  not  oofreotly  adjusted,  may  be  as 
great  as  possible;  bnt  equation  [A]  (page  104),  whieh  represents  tiie  relatiye 
Talnes  oi  the  errors  X'  and  y,  although  it  shows  that  the  error  X'  is  mnallest  when 
p  is  as  small  as  possible,  at  the  same  time  shows  that  we  gain  but  little  by  making 
p  very  much  smaller  than  O,  for  X'  is  ooly  twice  as  great  when  p  =  0|  as  it  is 
when  p  =  O. 

98.  Practically  we  may  say  therefore  that  the 

Begt  CkmdiHanafar  making  ike  TeH 

are  to  make  p  a  fractional  value  of  O ;  and  in  the  case  of  a  tangent 
galvanometer  the  two  deflections  obtained  should  be  as  nearly  as 
possible  55""  and  35j^''  (§  34,  pages  28  and  29). 
Also  as  regards  the 

Potnble  Degree  of  Accuracy  attainable. 

If  we  can  determine  the  valne  or  the  deflection  of  the  galvano- 
meter needle  to  an  accuracy  of  y  per  cent.,  then  we  can  determine 

the  value  of  G  to  an  accuracy  of  2  (1  +  h  )  V  P®'  ^^t. 

If  p  is  vety  smalL  then 

SO  that  even  under  the  best  conditions  for  making  the  test,  the 
aoonnu^  with  which  the  value  of  G  could  be  determined  would 
be  only  one-half  of  the  accuracy  with  which  the  deflections  could 
be  observed. 

99.  It  must  be  understood  that  the  resistance  of  the  testing 
battery  can  only  be  neglected  when  it  forms  a  small  percentage 
of  the  total  resistance  in  its  circuit.  If,  then,  the  galvanometer 
to  be  measured  has  a  low  resistance,  inasmuch  as  B  will  have  to 
be  proportionally  small,  the  battery  resistance  can  no  longer  be 
ignored  without  introducing  an  error ;  moreover,  if  B  is  made 
small,  its  range  of  adjustment  becomes  very  limited.  The  test, 
therefore,  is  not  suitable  for  measuring  galvanometers  whose 
resistance  consists  of  a  few  units  only. 
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Equal  Deflbotion  Method. 

100.  The  theory  of  this  method  is  as  follows : — The  galvano- 
meter whose  resistanoe  O  is  re- 
quired, a  resistanoe  p,  and  a  battery 
E  of  very  low  resistance  are  joined 
up  in  oirouit,  as  shown  by  Fig.  69, 
a  shunt  S  being  between  the  ter- 
minals of  the  galvanometer;  a  de- 
flection of  the  galvanometer  needle 
is  produced.  Let  0  be  the  cur- 
rent flowing  out  of  the  battery, 
then 


C=p 


E 


P  + 


GS 


G  +  S 

This  current  divides  into  two  parts,  one  part  going  through  S,  and 
the  other  part  through  the  galvanometer.  It  does  this  in  the 
inverse  proportion  of  the  resistance  of  those  oircoits,  the  part,  Cj, 
going  through  the  galvanometer  being 

^  B  S  ES 


P  + 


G8    ^G  +  8      S(G  +  p)  +  Gp' 


G  +  S 


The  shunt  S  is  now  removed;  this  causes  the  deflection  of  the 
galvanometer  needle  to  be  increased,  p  is  now  increased  to  B, 
so  that  the  deflection  becomes  the  same  as  it  was  previous  to  the 
removal  of  the  shunt,  or  in  other  words,  so  that  the  strength  of 
the  current  passing  through  the  galvanometer  is  G^,  then 


therefore 


0|  = 


ES 


B  +  G' 


B 


S(G  +  p)  +  Gp~B+^- 
By  di^ding  both  mdoB  by  E  and  multiplying  up,  we  get 
SB  +  GSsGS  +  Sp  +  Gp; 

Gp  =  SB-Sp, 
G  =  S^^^ 


therefore 
from  which 
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Fcfr  example. 

A  galvanometer  whose  reeistanoe  (G)  was  required,  was 
joined  up  in  circuit  with  a  resistance  of  200  ohms  (p),  a  shunt 
of  10  ohms  (S)  being  between  the  terminals  of  the  galvano- 
meter. 

On  removing  the  shunt,  it  was  necessary  in  order  to  reduce  the 
increased  deflection  to  what  it  was  originally,  to  increase  p  to 
2200  ohms  (B).    What  was  the  resistance  of  the  galvanometer  ? 

0  =  10  2200 -200.  ^100  ohms. 

101.  In  making  this  test  practically,  we  should  proceed  thus : — 
Join  up  the  instruments,  as  shown  by  Fig.  70,  taking  care  that 
the  two  infinity  plugs  are  firm  in  their  places.     Plug  up  the 


Fig.  70. 

three  holes  between  B  and  0,  and  remove  the  necessary  plugs 
between  D  and  B.  Next  remove  plugs  from  between  D  and  B, 
0O  as  to  introduce  the  resistance  p.  On  the  right-hand  key  being 
depressed  the  deflection  of  the  galvanometer  needle  is  obtained. 
The  galvanometer  should  be  gently  tapped  with  the  finger  in  order 
to  see  that  the  needle  is  properly  deflected  and  is  not  sticking,  as 
it  is  very  liable  to  do,  especially  when  a  compass  suspended  needle 
is  used. 

The  oscillations  of  the  needle  may  be  arrested  by  a  skilful 
manipulation  of  the  key ;  slightly  raising  it  when  the  needle 
swings  under  the  influence  of  the  current  and  again  depressing  it 
when  it  recoils. 
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The  needle  being  steadily  deflected,  and  the  preoiae  resiBtanoe 
(p)  in  the  box  noted,  the  left-hand  infinity  plug  must  be  removed, 
and  the  resiatanoe  between  D  and  E  inareased  until  the  deflection 
beoomes  the  same  as  it  was  at  first,  and  the  resistanoe  (B)  being 
noted,  the  formula  is  worked  out. 

102.  What  are  the  best  values  of  S  and  p  to  employ  in  making 
a  test  like  this  ?  Should  we  make  S  and  p  of  low,  high,  or  medium 
values? 

The  answer  to  these  queries  has  an  important  bearing  upon 
the  aoouraoy  with  which  the  test  can  be  made ;  and  as  we  shall 
more  than  once  have  to  consider  questions  of  a  similar  kind,  we 
shall  in  the  present  instance  enter  at  some  length  into  the  problem. 

There  are  two  quantities  whose  values  we  have  to  determine, 
viz.  S  and  p;  let  us  first  consider  what  S  should  be,  supposing  B 
to  be  a  g^ven  quantity  and  p  to  vary  along  with  S. 

If  we  examine  the  formula  we  shall  see  that  if  we  make  S 
small,  then  an  error  of  one  or  two  units  in  the  correct  value  of  B 
will  make  a  much  greater  difference  in  the  formula  than  would 
be  the  case  when  there  is  the  same  number  of  units  of  difference 
with  S  large ;  thus  to  take  a  numerical  example,  suppose  we  had 
the  following  values  in  the  formula : — 

500-20  ^  ,20  ohms, 
20  ^ 

and  suppose  we  made  B  120  units  too  large,  we  should  then  have 

^      -  620  -  20      -  R^    , 
G  =  5  — _ —  rs  160  ohms ; 
20 

or  an  error  of  150  —  120  =  30  ohms.  Next  let  us  suppose  we  had 
the  following  values : — 

rL        >iqa500-400        -oa     I. 

G  ss  480  — ^j^ —  =  120  ohms, 

and  as  before  let  there  be  an  error  of  120  units  in  B,  we  then  have 

G  =  480«??^  =  264; 

or  an  error  of  264  —  120  =  144  ohms,  and  if  S  and  p  had  been 
higher  still,  we  should  have  seen  that  the  error  would  have  been 
still  greater. 
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To  put  the  case  in  another  way ;  in  the  last  example  let  ns 
snppoee  the  error  in  B  had  been,  not  120  units,  bnt  25  units ;  that 
is,  make  B  =  500  +  25  =  525 ;  we  then  find  that 

Q  =  480^^.^"/^  =  150  ohms. 

The  error  in  O,  in  &ct,  in  the  former  case,  where  R  was  120  units 
too  large,  was  no  greater  than  it  was  in  the  latter  ease,  when  the 
excess  in  the  correct  value  of  B  was  but  25  units.  From  this  it 
must  be  evident  that  it  is  highly  advantageous  to  make  S  as  smatt 
as  possible*  Let  us,  however,  put  the  matter  in  algebraical  form ; 
thus,  let  X  be  the  error  in  Q,  and  let  ^  be  the  excess  in  the  value 
of  B  which  causes  this  error,  then  we  have 


and 


o+x.s»±i^'.s!^'+84. 


^     oB-p  SB 


therefore  by  subtraction 

X  =  S-  =  8^X-gjg g 

From  this  we  see  that  with  a  constant  error  0,  made  in  B,  the 
corresponding  constant  error  X,  made  in  O,  will  be  as  small  as 
possible  when  S  is  very  small,  as  indeed  we  before  proved ;  but 
we  also  see  that  we  gain  but  little  by  making  S  a  very  small 
fractional  value  of  G,  for  the  error  would  be  only  twice  as  great 
with  S  =  G  as  it  would  be  if  S  were  very  nearly  =  0.  It  would 
not  do,  however,  to  %iake  S  greater  than  G,  for  G  -f-  S  increases 
very  rapidly  by  increasing  8.  Practically,  therefore,  we  may 
say : — make  8  a  fractional  value  of  G. 

We  have  next  to  determine  what  is  the  best  value  to  give  to  p, 
supposing  S  to  be  a  fixed  quantity. 

Now  if  we  put  the  equation 

P 

in  the  form 

0.8(5-,). 
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we  can  see  that  whatever  Talae  p  has,  B  will  have  an  exactly 
proportional  corresponding  value ;  thus  to  take  the  example  we 
first  had,  viz. : 

500-20         /500        \. 

if  in  making  the  test  we  had  made  p  =  2  x  20  s  40,  instead  of 
20,  then  the  value  to  which  B  would  have  required  to  have  been 
adjusted  would  have  been  2  x  500  =  1000,  instead  of  500. 
Further,  if  B  had  had  this  value,  then  an  error  of  20  units  in  B 
would  have  produced  the  same  error  in  G  as  would  the  10  units 
in  the  first  case,  when  B  was  500.  At  first  sight  then  it  might 
appear  that  it  would  not  matter  what  value  we  gave  to  p.  Let 
us,  however,  consider  in  what  way  the  adjustment  of  B  is  effected. 

The  means  by  which  we  adjust  B  is  by  observing  the  deflec- 
tion of  the  galvanometer  needle,  and  seeing  whether  we  have 
brought  it  to  the  deflection  it  had  when  p  and  S  were  the  resist^ 
ances  in  the  circuit ;  when  this  deflection  is  correct  we  know  that 
B  is  correct.  But  the  accuracy  with  which  we  can  adjust  B 
evidently  depends  upon  the  divergence  of  the  needle  from  its 
correct  position  being  as  large  as  possible  when  B  is  not  exactly 
adjusted,  and  if  this  divergence  is  greater  when  we  alter  B  from 
1000  to  1020  ohms  than  when  we  alter  it  from  500  to  510  ohms, 
then  it  is  better  so  to  arrange  the  value  of  p  that  B  shall  be  1000 
ohms. 

Or  in  other  words,  if  the  error  in  B,  corresponding  to  a  constant 
error  in  G,  produces  a  greater  divergence  of  the  needle  from  its 
correct  position  when  B  is  large  that  when  it  is  small,  then  it  is 
better  to  have  B  large  than  small. 

Now  the  current  0  producing  the  deflection  of  the  galvano- 
meter needle  is 

and  if  we  suppose  there  to  be  a  diminution  —  c,  in  0,  caused  by  an 
error  ^,  in  B,  then  we  have 

C  =  c  = ~ : 

B-h^+G' 

or 

E 


C  ar  C . 

B  +  0  +  G' 
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bat  we  know  tliat 

C=      ^ 


therefore 

"  ET5  "■b  +  ^  +  g"(k  +  ^  +  g)(B  +  g)' 

or,  sinoe  ^  is  very  smalls 

e,  however,  represents  the  ahsolttie  change  from  the  correct  current, 
and  as  the  latter  is  itself  varied  by  the  valne  of  B,  what  we  reqnire 
to  know  is  the  relative  change ;  this  will  be 

e 

which  eqnals 

E0      _i.      E      _      ^  P*n 

(F+Gp  •  ET^  ""  W+Q'  LA] 

But  firom  page  109  we  see  that  the  constant  error  X,  caused  in  Q 
b  J  an  error  ^  in  B,  is 

or 

*"g+B' 

salwiitating,  then,  this  yalue  of  </>,  we  get 

«  XB  X 


(G  +  S)(B4-G)  -  (G  +  s)(i  +  Gy 


[B] 


From  this  equation  we  see  that  in  order  to  make  e  as  large  as 
possible,  we  mnst  make  B  as  large  as  possible;  but  it  is  evident 
that  we  increase  c  very  little  by  making  B  mnch  larger  than  O, 
for  the  reason  we  gave  when  we  determined  the  ratio  which  S 
shonld  have  to  G. 

We  do  not  gain,  then,  anything  as  regards  the  sensitiveness  of 
the  arrangement  by  making  B  very  large,  but  we  gain  as  regards 
onr  power  of  adjusting  B,  for  we  can  adjust  a  resistance  with  a 
much  closer  degree  of  accuracy  when  it  consists  of  a  large  number 
than  when  it  consists  of  a  small  number  of  units. 

It  is  therefore  advantageous  to  make  B  as  large  as  possible. 
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Sinoe  when  8,  G,  and  p  are  given  valtieB,  B  miust  have  a  Talne 
dependent  npon  them ;  and  sinoe  we  have  determined  the  valne 
we  mnst  give  to  8,  it  followB  that  the  value  we  shonld  give  to  p 
must  be  suoh  that  B  will  be  as  large  as  possible. 

As  we  oannot  make  B  larger  than  the  resistanoe  we  cui  insert 
in  the  resistanoe  box,  we  must  not  make  p  so  large  that  B  will 
have  to  exoeed  that  value. 

From  the  equation 

6  =  8?-:::-? 
p 
we  see  that 

Theoretioally,  therefore,  we  must  not  make  p  larger  than  the  value 

we  can  give  to  ^      „  R. 

The  highest  resistanoe  we  can  practically  give  to  B  is  10,000 

a 
ohms ;  p,  therefore,  must  not  be  larger  than  x  10,000  ohms. 

Thus,  if  we  use  a  shunt  whose  resistanoe  is  ^th  the  resistanoe  of 
the  galvanometer,  we  must  not  make  p  larger  than  -ji^th  of  10,000, 
that  is,  1000  ohms. 

Equation  [A]  shows  that  the  value  of  e  is  dependent  upon  the 
value  of  8,  and  that  to  make  e  large  we  should  make  8  small.  We 
previously  proved,  however,  that  there  was  another  reason  why  8 
should  be  small,  consequently  we  have  a  double  reason  why  8  should 
have  a  low  value. 

103.  What  degree  of  aoewracy  is  attainable  in  making  the  teat  ?  Tbia,  aa  in 
the  last  teat,  is  dependent  npon  the  valne  of  the  defleotion  error.  We  have,  in 
fact,  to  consider  what  error  in  the  valne  of  O  a  definite  error  in  reading  the  de- 
flection of  the  galvanometer  needle  will  oanse. 

This  we  can  determine  from  equation  [B]  (page  111).  Let  ns,  then,  in  this 
equation  subatitnte  peroentagee  for  absolute  values,  that  is  to  say,  let  us  have 


and 

then  we  get 

y'  _            X'GB 

that  is  to  sa  J, 

100      100(0+ 8)  (B  +  G)' 

^'  =  0  +  I)0  +  b)>'-  tc] 
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for  example. 

In  ineasoring  the  resistance  of  the  galyanometer  in  the  example  given  on  page 
107,  it  was  known  that  the  possible  error  y'  in  the  current,  due  to  the  deflection 
being  incorrect,  would  not  exceed  '88  per  cent  (Example,  page  45.)  What 
would  be  the  percentage  of  accuracy  (A.')  with  which  the  value  of  G  could  be 
defeennined? 

104.  The  practical  results,  then,  that  we  have  arrived  at  throagh 
these  investigationB  are,  that  to  obtain  the 

Beit  CondiHons  for  making  the  Test : 

First  make  a  rough  test  to  ascertain  approximately  the  value 
of  G.  Having  done  this,  insert  a  shunt  (S)  hetween  the  terminals 
of  G,  of  a  fractional  value  of  the  resistance  of  G. 

Next  join  up  p  in  circuit  with  G  and  its  shunt  S,  making  p  as 

g 
large  as  possible,  but  not  largor  than  R;   B  being  the 

highest  resistance  that  can  be  obtained. 

Insert  in  the  circuit  sufficient  battery  power  of  low  resistance 
to  bring  the  deflection  of  the  galvanometer  needle  as  nearly  as 
possible  to  the  angle  of  maximum  8en8itivenes»'i(jp9,ge  25),  adjusting 
p,  if  necessary,  so  that  this  angular  deflection  becomes  exact,  and 
note  the  exact  value  of  p. 

Now  remove  the  shunt  and  increase  p  to  B,  so  that  the  in- 
creased deflection  becomes  the  same  as  it  was  at  first.  Note  R, 
and  then  calculate  G  from  the  formula. 


Posnble  Degree  of  Accuracy  attmnable. 

If  we  can  determine  the  value  of  the  galvanometer  deflection 
to  an  accuracy  of  7/  per  cent*,  then  we  can  determine  the  value  of 
G  to  an  accuracy  (X')  of 

^'  =  (l+|)(l+g)ypercent. 
If  S  is  very  small,  and  R  very  large,  then 

SO  that  under  the  best  conditions  for  making  the  test,  the  accuracy 
with  which  the  value  of  G  could  be  determined  would  be  the 
same  as  the  accuracy  with  which  the  value  of  the  deflection  could 
be  observed. 
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105.  In  the  practical  execntion  of  the  test,  inasmuch  as  there 
are  only  three  resistanoes  between  D  and  B  (Fig.  70),  our  choice 
of  a  shunt  is  limited  from  this  source,  but  these  three  will  usually 
be  sufficient  for  most  purposes. 

106.  The  method  we  have  described  of  making  the  test  may 
be  modified  by  making  8  or  p  the  adjustable  resistances  instead 
of  B,  but  in  either  of  these  cases  it  can  be  shown,  by  an  investi- 
gation precisely  similar  to  the  one  we  have  made,  that  the  proper 
values  of  the  resistances  should  be  those  we  have  indicated. 

The  test  could  also  be  simplified  by  making  S  =  f>,  in  this  case 
we  get 

G  =  S^  =  B-S; 

such  an  arrangement,  however,  would  not  give  the  conditions  for 
obtaining  maximum  accuracy. 


Fahie^s  Method. 

107.  If  in  the  last  test  we  make  S  the  adjustable  resistance, 
and  make  B  =  2  p,  we  get 

p     '  p 

that  is,  the  resistance  of  the  shunt  will  be  the  resistance  of  the 
galvanometer. 

108.  The  connections  for  making  the  test  with  the  set  of  resist- 
ances shown  by  Fig.  70  would  have  to  be  so  arranged  that  the 
resistances  between  D  and  E  form  the  shunt,  and  those  between 
D  and  C  the  resistances  p  and  B.  This  arrangement,  however, 
in  consequence  of  there  being  so  few  plugs  between  D  and  C,  is 
not  a  satisfactory  one,  as  some  difficulty  would  probably  be  found 
in  adjusting  the  battery  power  and  resistance  R  so  as  to  obtain  the 
deflection  of  maximum  sensitiveness.  With  two  sets  of  resistance 
coils,  however,  the  test  can  easily  be  made. 

As  in  the  previous  method,  it  is  best  to  make  the  resistance  B 
as  high  as  possible,  for  then  any  small  change  in  the  value  of  S 
produces  the  greatest  movement  of  the  galvanometer  needle. 

The  pouMe  degree  of  accuraqf  attainable  is  the  same  as  in  the 
last  tost. 

109.  In  order  that  satisfactory  results  may  be  obtained  in  the 
foregoing  testa,  it  is  necessary  that  the  galvanometer  be  a  sensi" 
tive  one  (page  85),  otherwise  even  a  moderate  degree  of  acctiracy 
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cannot  be  assured.     It  is  also  very  advantageous  to  arrange  the 

resistanoes  in  connection  with  a  special  form  of  key,  E,  as  shown 

by  Fig.  71 ;  this  key  on  being  depressed  comes  in  contact  with  a 

spring  /,  and  then  on  being  further 

depressed  brings  /into  contact  with 

a  contact  stop  connected  between 

the   junction   of  the  resistances  p 

and  a.     Thus  the   action  of  the 

key  is  to  insert  the  shunt  S,  and 

at  the  same  time  to  reduce  B  to  /> 

by  short-circuiting  a ;  in  practically 

making  the  test,  therefore,  what  we 

have  to  do  is  to  adjust  S  until  the 

deflection  remains  the  same  whether  the  key  is  quite  up  or  quite 

down. 

Thomson's  Mbtuod. 

110.  Join  up  the  galvanometer  g  with  resistances  a,  6,  and  d, 
and  a  battery  of  electromotive  force  E  and  resistance  r,  as  shown 
by  Fig.  72,  and  let  a  key  be  inserted  between  the  points  E 
and/^,  so  that  by  its  depression  these  points  can  be  connected 
together. 


First,  let  us  suppose  the  key  to  be  up  and  the  points  con- 
sequently disconnected.  The  current  Ci  flowing  through  the 
galvanometer  will  then  be 

C   =  ^  ^         '^"'"^ 


(g  +  V)  (d  +  g)      a  +  b  +  d  +  g 

a+h+d+g 

E  (g  -h  6) 

r{a  +  h  +  d  +  g)  +  (a  +  h){d-\^gy 
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Next,  suppose  the  key  to  be  depressed,  and  the  points  E  and  B 
thereby  to  be  oonneoted  together,  then  the  current  (C,)  flowing 
through  the  galvanometer  will  be 

^  B  a 

Cj  = =-= X 

,  _6d_    ,      ag        a -^  g 

^h+d^a+g 

r{a  +  g)Q>^^d)  +  ag{h  +  d)  +  hd{a  +  gY       ^^ 

Further,  let  ns  suppose  the  adjustment  of  the  resistances  to  be  such 
that 

Ci  =  C2, 
we  then  get 

E(a  +  ^>)  

r  (a  +  6  +  d  +  ^)  +  (a  +  6)  (d  +  gr) 

^  Ea(64-d) .       ^  , 

r{a  +  g){h  +  d)  +  ag{h  +  d)  +  hd(a-{^gy       ^""^ 

by  multiplying  up  and  arranging  the  quantities,  we  get 

ri(a  +  h  +  g)(h  +  ^a  +  hg(h  +  d)^+hgia-^h)d  +  [d(h+g') 
+  hg](a  +  h)a  =  r[{a  +  h  +  g)(h  +  d)a  +  ad{h  +  d)^+ad 
{a  +  }i)d  +  [d{h^^g)  +  hg'\{a  +  li)ai 

therefore 

hg[r{h  +  d)  +  {a  +  V)d]^ad[r(h  +  ^^^{a  +  h)d^', 
that  is, 

a  a  =  0  ^,     or,    ^  =  — ^  . 

A  great  advantage  of  this  test  is  the  fact  of  its  being  entirely 
independent  of  the  battery  resistance.  It  is  also  very  easily  made, 
as  must  be  evident. 

*  The  truth  of  this  proportion  follows  at  once  from  the  principle  of  tbe 
Wheatstone  Bridge  (Chapter  VIH.).  For  if  the  points  E  and  B  on  being  oon- 
neoted toother  by  a  galvanometer  show  no  deflection  on  the  latter,  then  by  the 
bridge  principle 

Bat  if  no  deflection  is  produced  on  joining  E  and  B  by  a  galvanometer,  i.e.  if 
there  is  no  tendency  for  a  current  to  flovr  between  E  and  B,  then  the  joining  of 
these  points  cannot  affect  the  currents  in  the  other  branches,  a,  6,  <i,  or  y,  that  is 
to  say,  can  produce  no  alteration  in  the  movement  of  the  needle  of  y,  hence  the 
absence  of  this  movement,  on  depressing  the  key,  indicates  that  there  is  no  ten- 
dency for  a  current  to  flow  between  E  and  B,  i.e.  that  tbe  above  proportion  holds 
good. 
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In  making  the  test  practically,  the  connections  would  be  made 
as  shown  by  Fig.  73.  The  terminals  B  and  B^  would  be  joined 
by  a  short  piece  of  thick  wire.  The  other  connections  are 
obyious. 


Fig.  73. 

The  left-hand  key  (which  is  not  shown  in  the  theoretical  figure) 
being  first  depressed  and  then  kept  permanently  down,  the  right- 
hand  key  must  be  alternately  depressed  and  raised,  the  resistance  <2, 
that  is,  the  resistance  between  A  and  E,  being  at  the  same  time 
adjusted  until  the  deflection  of  the  galyanometer  needle  remains 
the  same  whether  the  key  is  up  or  down. 

111.  We  will  DOW  determine  the  beet  airangements  of  reaiBtaiioeB  for  making 
tiie  test    What  we  have  to  do  is  to  snppoee  that  in  the  equation 

ad 

there  is  a  small  but  constant  error  in  y,  caused  by  a  oorresponding  error  in  one  of 
the  other  qnantitieB,  let  ns  say  d,  and  then  find  what  yalnes  of  d  and  saj,  a,  will 
cause  the  fdteration  of  the  deflection  of  the  galyanometer  needle  produced  on 
raising  and  depressing  the  key,  to  be  as  large  as  possible. 

Let  X  be  the  difierence  between  the  exact  value  of  g  and  the  value  given  it  by 
the  formula  when  we  have  d  too  large,  and  let  the  increased  value  of  d  be  dy 

We  then  have 


_  adi. 


therefore 


Sf  +  A  = 


ad,  =  &9  +  6a. 


We  next  have  to  determine  what  the  alteration  in  the  strength  of  current 
passing  through  the  galvanometer,  produced  by  raising  and  depressing'  the  key, 
is  equal  to. 

If  in  either  equation  [1]  or  equation  [2]  (pp.  115, 116)  we  put  hg  equal  to  ad, or 

h  equal  to  — ,  then  the  resulting  equation  will  give  the  current  G,  which  would 
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flow  through  the  galvanometer  when  the  adjivtment  is  exact ;  by  dwng  thia  we 

When  the  adjuatment  ia  not  exact,  the  ciurrenta  prodnoed  on  laiaing  «nd  de- 
preeaing  the  key  will  be  obtained  by  eqnationa  [1]  and  [2]  (pp.  115, 116),  and  the 
difference  between  theae  two  enrrenta  relative  to  the  conrent  prodnoed  when  exact 
equilibrinm  is  obtained  will  give  the  relative  onrrent  producing  the  alteration  in 
the  deflection  of  the  galvanometer  needle ;  henoe  we  find 

c      " 


r  (p  +  a)  +  a(d+^)f a(<l,  +  ^) 

6  +  a 


+  a  id±g}f  ^___ 

a  \  r(d,  +  I>)(^+  a)  +  d,6(y  +  a)  +  ^o(d,  +  5) 


"  rCrf,  +  gr  +  6  +  o)  +  (d,  +  flrKU-  «)  1" 

(ad,  -  hg)  {r (d,  -I-  6)  +  d|(ft  +  a)}  {r  (a  +  y)  +  a(d  +  y)} ^ 

«  {r(d,+flr+6+a)  +  (d|  +  y)(6  +  a)}  {rid^  +  hXg-^-d)-^  d,h(g+a)^guid,+b))  ^ 

bnt  since  ad^  ia  very  nearly  equal  to  bg,  we  may  without  aenaible  error  put 

adi  =  ad  =  hg^  or  b=  — ,  exeept  where  differencoH  are  oonoemed;  in  which 

9 
case  we  get 

C.-C,  __     g(ad, -6y)     . 
C       ~"a(a  +  ^)(d  +  g)' 

and  since  adi  =  6  y  +  b  A,  and  -  =  -r  ,  we  get 

a       o 

Cj  —  Cj  A  a  A 

-o    =(T+g)r4T?)=(7^^(^-         [A] 

From  this  it  is  evident  that,  in  order  to  make  -'  ^  - '  aa  large  as  poasible, 

we  must  make  d  as  large,  and  a  aa  amall,  as  posaible.    It  is  evident  also  that,  aa 

C   —  C 

regards  increasing  -^-q — ^,  it  is  useless  making  d  very  much  larger,  or  a  very 

much  smaller,  than  g.    If  we  make  d  about  ten  timee  as  large,  and  a  ten  times 
as  small,  as  y,  we  ahall  have  good  conditions  for  ensuring  accuracy,  though  as 
regards  our  power  of  adjustment,  it  would  be  advantageous  to  make  d  larger 
still,  if  possible. 
From  the  equation 

bg  =  ad 

we  see  that  g  being  a  fixed  quantity,  and  a  aa  small  aa  possible,  we  can  make  d 
as  large  as  we  like  by  making  b  as  large  as  possible. 

112.  It  may  be  pointed  out,  that  when  a  is  small  and  d  and  b  large,  we  have 
the  battery  connecting  the  junction  of  the  two  greater  with  the  junction  of  the 
two  lesser  resistances. 

113.  What  degree  of  accuraep  is  attainable  in  making  the  test?    lliia  we  can 
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detennine  ftom  equation  [A].    Let  us  then,  in  the  latter,  substitate  pereentageB 
for  aitaohUe  values,  that  ia,  let 


and  let 


then  we  get 


that  isy 


100      " 


^^      100(a  +  g)(l+|)' 


'■=(-+i)(Hi)v. 


1\»- ezofnpZtf. 


In  measuring  the  resistance  of  a  galvanometer  by  the  foregoing  method,  the 
values  of  a,  b,  and  d  were  10, 100.  and  300  ohms  respectivelj.  What  was  the 
resistanoe  of  the  galvanometer,  and  what  was  the  possible  degree  of  aoonraoy 
attainable  ?  The  smallest  change  in  the  value  of  the  galvanometer  deflection 
which  it  was  possible  to  observe  *  was  *88  per  cent.  ($  43,  page  45). 

10x800      „    , 

a  = =  30  ohms. 

^  100 

To  sum  up,  we  have 

Best  Conditions  for  making  the  Test, 

114.  Make  a  not  greater  than  -j^tli  of  ^,  and  make  5  not  less 
tlian  ten  times  as  great  as  g,  and  preferably  as  muohi  higher  than 
g  as  possible,  but  not  of  suoh  a  high  value  that  d,  when  exactly 
adjusted,  has  to  exceed  all  the  resistance  we  can  insert  between  D 
and  E  (Fig.  73,  page  117). 

Adjust  d  approximately,  and  then  if  necessary  adjust  the 
battery  power,  so  that  the  final  deflection  is  as  nearly  as  possible 
that  of  maximum  sensitiveness,  and  then,  having  exactly  adjusted 
dy  calculate  g  from  the  formula. 

*  This  is  synonymous  with  '*  the  de^ee  of  accuracy  with  which  the  value 
of  the  galvanometer  deflection  can  be  read  "*  (page  45). 
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Poisible  Degree  of  Accuraoy  attainable. 

If  we  can  read  the  galvanometer  deflection  to  an  accuracy  of 
y  per  cent.,  then  we  can  determine  the  valae  of  g  to  an  acouraoj 
(V)  of 

V  =  (l  +  ^)  (l  +  |)y'  per  cent. 

If  a  is  small  and  d  large,  then  we  get 

XI        I 
=  7. 

so  that  under  the  best  conditions  for  making  the  test,  the  accuracy 
with  which  the  value  of  G  could  be  determined  would  be  the  same 
accuracy  with  which  the  valu^  of  a  change  in  the  deflection  could 
be  observed. 

115.  In  the  practical  execution  of  the  test  with  the  set  of 
resistance  coils  shown  by  Fig.  78  (page  117),  the  lowest  value  we 
could  give  to  a  would  be  10  units,  unless  we  improvised  a  resist- 
ance of  less  value,  which  it  might  be  necessary  to  do. 

Thomson's  Method  with  a  Slide  Wire  Resistance. 

116.  The  foregoing  test  is  sometimes  made  by  having  a  -^b, 
a  slide  wire  resistance  (§  20,  page  17)  d  being  a  fixed  resistance  ; 
in  this  case  the  slide  would  be  moved  along  between  A  and  G, 
until  the  point  is  found  at  which  the  depression  and  raising  of  the 
key  makes  no  alteration  in  the  permanent  deflection  of  the  gal- 
vanometer needle. 

As  in  the  equation 

ad 

-  is  merely  the  ratio  of  the  resistances  into  which  the  total  resist- 

0 

ance  a  +  6  is  divided,  and  as  the  resistances  are  directly  propor- 
tional to  the  lengths  of  the  wire  on  either  side  of  the  slide,  it  is 
sufficient  for  a  and  6  to  be  expressed  in  terms  of  the  divisions  into 
which  the  length  of  wire  is  divided. 

Kow  as  the  total  length,  2;,  of  the  slide  wire  is  constant,  that  is, 

us 

a  +  h  =  hj    or,    6  =  Jk  —  a, 

therefore  we  must  have 
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k  is  usually  divided  into  1000  divisions,  henoe 

For  example. 

In  the  forgoing  test,  equilibrium  was  produced  when  d  was 
1  ohm,  and  a,  450  divisions;  what  was  the  resistance  of  the 
galvanometer? 

,/_450_\      450        ^_    , 
^  =  Mao00^450;  =  550='^^"^' 

117.  The  heH  eondittons  for  making  (he  tett  in  the  case  where  a  alide  wire  is 
Uiied  aie  generally  similar  to  those  in  the  preTioni  case,  that  is  to  say,  we  should 
require  to  hare  a  small  and  d  large. 

Now,  the  total  resistance  of  a  +  5  in  the  ease  of  a  slide  wire  would,  under 
DUMt  conditions  met  with  in  actual  practice,  he  small  compared  with  g ;  conse- 
quently a  would  he  small  also.  For  this  reason,  therefore,  it  would  not  signify 
what  were  the  relatire  Talues  of  a  and  h  in  making  the  test  But  in  order  to 
make  d  large,  it  is  obvious  that  a  must  be  small  compared  with  h ;  thus,  if  d  is 
to  be  10  times  g^  then  a  must  be  10  times  h.  In  the  first  case,  when  the  test  was 
made  by  actuating  d,  it  was  pointed  out  that  although  there  is  an  advantage  in 
making  d  as  large  as  possible,  in  so  £u  that  by  so  doing  the  range  of  adjustment 
is  made  large,  yet  as  regards  the  general  sensitiveness  of  the  whole  arrangement, 
there  is  little,  if  any,  advantage  in  making  d  greater  than  about  10  times  g.  In 
the  esse  of  the  slide  wire,  where  d  is  not  the  adjustable  resistance, ^ere  is  an 
Actual  disadvantage  in  making  d  excessively  large,  for  the  reason  that,  if  we  do  so, 
we  make  a  coRef^ndingly  smaller  than  b,  and,  when  this  is  the  case,  the  error 

in  g  (when  worked  out  by  the  formula  ^  =  -    j  produced  by  the  value  of  a  being, 

say,  1  scale  division  out,  becomes  comparatively  large.  Thus,  if  the  slide  wire 
Hcale  were  graduated  into  1000  divisions  (which  is  usually  the  case),  it  Ib  dear 
that  if  the  slider  stood  at,  say,  the  **  10 "  division  mark  on  the  scale,  then  an 
alteration  or  a  mistake  of  1  division  would  mean  a  change  of  10  per  cent  in  the 
value  of  a,  whilst  if  the  slider  stood  at  **  100,**  then  a  change  of  1  division  would 
only  mean  a  1  per  cent  change  in  the  value  of  a.  The  change  in  a  correspond- 
ing to  a  movement  of  1  division  would  obviously  he  less  if  the  slider  were  near 
the  centre  <^  the  scale,  that  is,  near  the  **  5<)0  "  division  mark,  but  in  this  case  the 
increase  in  the  range  of  a^ustment  would  be  moro  than  compensated  for  by  the 
reduced  sensitiveness  of  the  arrangement 

The  poeeiUe  degree  of  aeewraeg  attainable  in  making  the  test  would  be  as 
follows : — 

Let  there  be  an  error  X  in  g,  caused  by  the  slider  being  Z  divisions  out  of 
correct  adjustment,  then  we  have 

^+^  =  ^(lOOo!^aTy)) 

or,    X  =  <j(-      5±J )-g  =  d[ ^  +  > ?L_1 

'  \lOOO-(a+«V  LlOOO-(a  +  5)       1000  -  a  J 

_   dioqo^s 
(1000  -  ay 
since  S  is  very  small. 
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If  we  pot  pexoentages  instead  of  abaolnie  valaes^  that  is  to  say,  if  we  ha^e 

then  we  get 

a(1000  — c)*^ 

If  the  galyanometer  is  saflSoiently  sensitive  to  enable  the  positioQ  of  the  slider 
to  be  determined  to  an  accoraoy  of  1  division,  then  ft  =  1. 

For  example. 

In  the  last  example,  what  would  be  the  degree  of  aceoracy,  a.',  with  which  the 
Talne  of  g  oould  be  obtained,  supposing  that  the  position  of  the  slider  oonld  be 
determined  to  an  accuracy  of  1  division  (8>? 

x,_      100000x1      - -d/i ««•«««* 
^=450(1000-450)=    ^<^P«~°*- 

118.  The  facility  and  accuracy  with  which  all  the  foregoing 
tests  (except  the  half  deflection  test)  can  be  made,  may  be  greatly 
increased  by  the  following  device : — ^Instead  of  making  the  test 
with  the  gaWanometer  needle  brought  to  the  '*  angle  of  maximum 
sensitiveness  "  (page  26),  make  it  with  the  needle  brought  ap- 
proximately to  zero  by  means  of  a  powerful  permanent  magnet 
set  near  the  instrument.  Under  these  conditions  the  galvano- 
meter needle  will  be  highly  sensitive  to  any  small  change  in  the 
current  strength. 

119.  In  the  case  of  Thomson's  test  with  the  slide  wire,  if  the 
test  is  made  by  using  a  permanent  magnet  in  the  manner  described, 
it  is  best  to  make  J  of  a  higher  value  than  would  otherwise  be  the 
case;  for  then,  since  the  slider  would  have  to  be  set  near  the 
centre  of  the  wire,  a  greater  range  of  adjustment  is  given  to  it,  for 
5  divisions  near  the  centre  portion  of  the  wire  (500  division  mark) 
is  equivalent  to  only  1  division  near  the  100  division  mark.  It  is 
true  that  tbe  arrangement  is  not  quite  so  sensitive  as  when  the 
slider  has  to  be  set  towards  the  end  of  the  scale ;  but  still  if  m/- 
fident  sensitiveness  be  obtained,  the  small  loss  is  more  than  com* 
pensated  for  by  the  advantage  gained  in  having  an  increased  range 
on  the  scale. 

120.  In  order  that  satisfactory  results  may  be  obtained  in  the 
foregoing  tests,  it  is  necessary  that  the  galvanometer  be  "  sensi- 
tive "  (page  86),  otherwise  even  a  moderate  degree  of  accuracy 
cannot  be  assured. 
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Diminished  Deflection  Direct  Method. 

121.  This  method,  which  has  been  generally  described  in 
Chapter  I.  (§  5,  page  4),  is  as  follows : — The  galvanometer  G,  a 
battery  of  low  resistance,  and  a  resistance  p,  are  joined  np  in 
simple  circuit ;  the  deflection  obtained  is  noted.  Let  this  deflection 
be  due  to  a  current  C|,  then  calling  E  the  electromotive  force  of 
the  battery,  we  have 

Ci  =  ^^,     or,    GCi  +  pC,  =  E. 

The  resistance  p  is  now  increased  to  R,  so  that  a  new  deflection 
due  to  a  current  C^  is  produced ;  then  we  have 


hence 

or 

therefore 


^^=G  +  R'    ""^^    GC2  +  RC,  =  E; 
GCi  +  pCi  =  GC2  +  RC3, 

G(0,-C2)  =  RC,-pCi, 

_  R  Ca  -  p  Ci  - 


In  the  case  of  a  tangent  galvanometer,  if  the  deflections,  D  and 
dj  are  read  from  the  tangent  scale,  then  those  deflections  can  be 
directly  substituted  for  the  quantities  Cj,  C,,  for 

D  :  d : :  Cj :  Cj ; 

in  this  case,  then  we  have 

R(2  —  pD 

(1.)  For  example, 

With  a  tangent  galvanometer  whose  resistance  G  was  required, 
and  a  battery  of  very  small  resistance,  we  obtained  with  a  resist- 
ance of  10  ohms  (p)  in  the  circuit,  a  deflection  of  60  divisions  (D) 
on  the  tangent  scale  of  the  instrument;  when  the  resistance  was 
increased  to  230  ohms  (H)  the  deflection  was  reduced  to  20  divi- 
sions (d) ;  what  was  the  resistance  of  the  galvanometer  ? 

^  ^  23(^X20- 10  xJO^j^^^j^^^ 
60-20 

If  the  readings  are  made  from  the  degrees  scale,  then  we  must 
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substitute  the  tangents  of  the  deflections  for  the  deflections  them- 
selves ;  the  formula  then  becomes 

^  __  K  tan  <r  -  p  tan  D""  rp-, 

^"      tanD^-tanti^     •  '-^-' 

(2.)  For  example. 

In  a  measurement  similar  to  the  foregoing,  the  readings  were 
made  from  the  degrees  scale  of  the  instrument,  and  deflections  of 
60®  (D°)  and  21  J®  (^T)  respectively  were  obtained  with  resistances 
of  10  ohms  (p)  and  229  ohms  (R)  in  the  circuit.  What  was  the 
resistance  of  l^e  galvanometer  ? 

tan  50"*  =  1-1918,  tan  21|°  =  -3990, 

therefore 

Q  ^  229  X  '8990  -  10  X  1'1918  ^  ^^ 

1-1918-  -3990  ^ 

122.  If  in  equations  [B]  (page  123)  and  [G]  we  have  p  =  0,  that 
is  to  say,  if  we  make  the  best  by  having  at  first  no  resistance  in 
the  circuit  except  that  of  the  galvanometer  itself,  then  wo  get 


and 


«  =  »3J^d  1^1 


^  =  ^tanD^^-'^an«y  ^^^ 


123.  What  are  the  *'  Beet  oonditionB  for  making  the  test  ?"  and,  what  is  the 
*'  Puflsible  degree  of  aoouraoy  attainable  ?  **  There  are  two  points  to  be  oon- 
sidered  in  the  first  question ;  one  is — ^what  value  should  p  have  ?  and  the  other — 
what  should  be  the  relative  values  of  Oi  and  0,  ? 

'Now  we  are  liable  to  make  an  error  in  reading  the  value  of  Gi,  or  an  error  in 
reading  the  value  of  0^  or  again  we  may  make  errors  both  in  C^  and  O^*  but 
inasmuch  as  the  result  of  two  errors  would,  of  course,  be  greater  than  one  only, 
it  is  advisable  to  make  the  test  under  conditions  which  eosure  the  result  of  the 
double  error  being  as  small  as  possible.  Let  us,  therefore,  in  equation  [A]  (page 
123)  suppose  that  there  is  a  small  error,  o„  in  0,,  and  a  small  error,  c„  in  C|,  the 
error  c,  being  plus  and  Ci  minus,  so  that  the  resulting  total  error  in  G  is  os  great 
as  possible ;  also  let  A  be  this  total  error,  that  is,  let  us  have 

G  +  A  =  »(C«  +  c,)-p(Ci  - O 
CCi-c,)-(C,  +  c,)    ' 
or 

B(C,  +  c,)~p(0, -.0_G- 
(C,-O-(0,  +  c) 

but 

U-_^^__-,     or,    « ^^ c_. 
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If  we  insert  this  vfdue  of  R  in  the  above  equation,  and  multiply  up,  cancel, 
fta,  then  we  get  « 

C[(C,-o,)-(C  +  <^]'-    ^"' 
or,  since  e,  and  e,  ve  yetj  small,  we  may  say 

From  this  equation  we  can  see  that  if  Gi  and  C,  have  fixed  values,  then  \  varies 
directly  as  G  +  p,  consequently  in  order  to  make  \  as  small  as  possible,  we  mast 
make  p  as  small  as  possible ;  but  we  can  also  see  that  there  is  no  great  advantage 
in  making  p  very  much  smaller  than  G. 

We  have  next  to  consider  what  the  relative  values  of  C|  and  Gj  should  be,  p 
being  taken  as  constant.  In  order  to  do  this,  we  must  assume  Gi  to  be  constant, 
and  then  determine  what  yalue  G,  should  have.  We  have  then  in  equation  [F] 
to  find  wliat  yalue  of  G^  makes  \  as  small  aa  possible ;  to  do  this  we  require  to 
make 

Cic«  +  C.c» 

as  small  as  possible  by  variation  of  C^- 
Now 

CiO«  +  C«gi  =  ^  rC|  -  C,  .  C.(ic  +  1)  .  „  .  «-| 
C,(C,-CO      C,L     0,       ^    C,-G,    ^     ^"^J 

ce  ^  is  constant,  what  we  have  to  d 

rc.-c.     c.(«  +  i)  ■  ^.,  g-i 


where  k  =  -* ;  and  since  ^  is  constant,  what  we  have  to  do  is  to  make 


as  small  as  possible. 
Now 

4-2V1C+I   +   K  +  2, 

and  in  order  to  make  the  latter  as  small  as  possible  we  must  make  1  —    *       "^ 
as  small  as  possible,  that  is  to  say,  we  must  make  it  equal  to  0,  therefore 

t/,  —  u, 
from  which  we  get 

0,(V*rTl  +  l)  =  C„    or,    C,  =  ;^7=i— .  [G] 

The  greatest  possible  value  which  A  could  have  would  be  that  which  would 
result  when  both  the  errors  e^  and  o,  existed,  these  two  errors  being  of  equal 
Yalue,  or  rather  e,  being  as  large  as  0,.  If  the  deflections  are  read  in  divtBitmsy 
then  Ci  and  c,  would  be  equal ;  but  if  the  deflections  are  read  in  degrees,  then  c, 
will  be  larger  than  e,  in  proportion  as  C.  is  smaller  than  C^,    In  the  case  where 
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the  greatest  poeeible  error  can  exist,  that  is,  when  e,  =  e,,  or  k  =  1,  thea  we 
have 

C  _.  _  5i =      ^1 

'      V2  +  I       2-4142* 

Praotioally  we  may  make 

r!  =  ^t• 
^i  -  -3  . 

for  although  this  does  not  give  the  exact  minimum  value  to  A,  yet  the  difference 
between  it  and  the  actual  minimum  is  very  small ;  thus  if 

C  —    -^  - 
•      2- 4142' 

then  from  equation  [F]  we  get 

0.  +  .^^^^ 


2-4142  V   *      2-4142/ 


but  if 


then 


^  =  ^»?r-7 V  (G  +  P)  =  ^-6-000(G  +  p); 

that  is  to  say,  the  errors  would  be  as 

6-000  to  5-828, 

a  difference  which  is  of  no  practical  importance. 

If  the  readings  were  made  from  the  degrees  scale  of  a  tangent  galvanometer, 
then  the  error  e,  would  be  larger  than  the  error  c,,  in  which  case  it  would  be 

Q 

actually  an  advantage  to  make  C,  equal  to  -^  in  preference  to  making  it  equal  to 

^  y*  _ ;  thus,  if  c,  were,  say,  8  times  as  large  as  c„  then  the  best  value  to  give  to 
2*4142 

dbe 

C  =  ^>i  =  9} 

The  rule  that  G,  should  approximately  equal  -^  may  therefore  be  taken  as  the 

one  which  would  enable  satisfiiotory  results  to  be  obtained  under  all  conditions. 
If  the  deflectionB,  D  d,  are  read  in  divieione,  then  we  must  have 

d  =  ^ 
3 

approximately.    But  if  the  deflections  are  in  degree$i  i^^d  we  read  from  a  tangent 
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galvanometer,  then  we  muBt  have 

approximately. 

124.  We  have  next  to  consider  what  is  the  '*  Poflsible  degree  of  accnracy 
attainable  **  when  p  and  Q  have  any  partioular  valuee ;  this  we  can  ascertain  from 
equation  [F]  (page  125).  Let  ns  then,  in  this  equation,  put  peroentages  for  abso- 
lute values,  that  is  to  say,  let  us  have 

x  =  -ofG,    or,    A'  =  -^, 
then  we  get 

If  the  deflections  are  read  in  divitionst  then  the  errors  in  both  must  be  of  the 
same  absolute  values ;  let  each  of  these  values  be  -thof  a  division,  then  we  must 
have 


v-=^(i>  +  d)ioo/i  ,  p\  pj. 


For  example. 

In  example  (1)  (page  123)  what  would  be  the  degree  of  accuracy  with  which 
the  test  could  be  made?  The  deflections  could  be  read  to  an  accuracy  of  }  of  a 
division. 

)(60-2O) 


V^  i(60  + 20)100/        jQXg.g^^^ 
20(60-20)    \    ^100/  i^"""*- 


If  the  deflections  are  read  in  degreee  from  a  tangent  galvanometer,  then  we  must 
have 

,  ^  (tan  D«  «.  +  tan  dP  «,)  100  (^      f>\«ercent 
^  -    tan  cT  (tan  D°  -  t^nd^y  V  ^  Gt)  ^^'^''^' 

where  9^  and  8^  are  of  the  respective  values 

«i  =  tan  D  ^°  -  tan  D,    and,    «,  =  tan  d  1°  —  tan  d^, 
1  being  the  possible  error  in  the  deflections. 


In  example  (2)  (page  124)  what  would  be  the  degree  of  accuracy  with  which 
the  test  could  be  made  ?    The  deflections  could  be  read  to  an  accuracy  of  i°. 


For  example. 

)(pa| 
made 

«j  =  tan  60J°  -  tan  50°  =  -0106. 
and 

«,  =  tan  22°  -  tan  21i°  =  -0050  ; 

therefore 


^,      (11918  X    0050  +  -3990  X  -0106)  100  /,   .    10  \      «  ^ 

^  =   -3990  (1>1918-    3990) (1  +  fQ^j  =  3-6percent 

To  sum  up,  then,  we  have 
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Beit  Chnditiomfar  fnaking  the  Tett. 

125.  Make  p  aa  small  as  possible. 

Make  B  of  siicli  a  value  that  when  the  deflections,  D,  c2,  are  in 
divinonSj  then 

approximately;  and  when  the  deflections  are  in  degrees  on  a 
tangent  galvanometer,  then 

^       -,      tan  D** 
tand-=-^ 

approximately. 

Possible  Degree  of  Accuraeg  attainable. 

If  the  deflections  are  in  divisions^  and  if  we  can  read  their  value 
to  an  accuracy  of  ^th  of  a  division,  then  we  can  determine  the 
valne  of  G  to  an  accnracy,  \\  of 

If  the  deflections  are  in  degrees  on  a  tangent  galvanometer,  then  if 
we  can  read  their  value  to  an  accuracy  of  ;^th  of  a  degree,  we  can 
determine  the  value  of  O  to  an  accuracy,  X\  of 

,  _  (tan  D°8,  +  tancr  8,)  100  A    .   p\  __^ 

where 

•      8i  =  tan  D  i°  -  tan  D^  and,  8,  =  tan  i**  -  tan  dT, 


Diminished  Deflection  Shunt  Method. 

126.  Referring  to  Fig.  74,  this  method  is  as  follows: — 
The  galvanometer  O,  whose  resistance  is  to  be  determined,  is 
joined  up  with  a  resistance  B,  a  battery  E,  and  a  shunt  Si ;  the 
deflection  obtained  is  noted  ;  let  this  deflection  be  due  to  a  current 
Ci,  then  (page  106)  we  have 

n  —  ^Si 

'^^^G^sr+R)+"srii' 
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or 

C,G(S,  +  B)  +  0.8,B  ^  J, 

S. 

The  resistance  of  the  shunt  is  now  reduced  to  S,,  so  that  the 
galvanometer  deflection  is  also  reduced ;  let  this  new  deflection  be 
due  to  a  current  C^,  then  we  must  have 

C2  ^  (S2  +  R)  +  Ca  Sa  R  _  g. 


Fio.  74. 
therefore 

C,G(8a  +  R)  +  02S2R  ^  CiQ(Si  +  R)  +  fiSiR 
S2  S, 

that  is 

G  [C,  Si  (S,  +  B)  -  d  S,  (Si  +  B)]  =  Si  S,  E  (0^  -  C,). 

from  which  we  get 

ri  -.  S|SaR(Ci  —  Ca) 

"  C2  8i(Sa  +  R)  -  C,  83(81  +  R)' 
or 

^1  *"  ^2 


Gt= 


<'.(^^)-<''(^i)    f*^ 


In  the  case  of  a  tangent  galvanometer,  if  the  deflections,  D  and  d^ 
are  read  from  the  tangent  scale,  then  we  should  have 

D-d 
G  = 


X, 
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(1)  For  example. 

With  a  tangent  galvanometer  wKoee  resistance,  O,  was  reqnired 
and  a  battery  of  very  small  resistance,  we  obtained  with  a  shunt 
of  200  ohms  (Sj),  a  deflection  of  60  divisioDs  (D)  on  the  tangent 
scale  of  the  instrament ;  when  the  shant  was  reduced  to  25  ohms 
(Sj),  the  deflection  was  reduced  to  20  divisions  (d).  The  resistance, 
B,  was  400  ohms.    What  was  the  resistance  of  the  galvanometer  ? 

60-20      ^^^    . 

G  =  — -; :^ r~  =  100  ohms. 


Hr5+^)-''(2M+m) 


If  the  deflections  are  read  in  degreee^  then  in  equation  [B]  we 
must  substitute  tan  D°  and  tan  cT  for  D  and  d  respectively ;  we 
then  get 

tan  D°  —  tan  (T 

(2)  For  example. 

In  a  measurement  similar  to  the  foregoing  the  readings  were 
made  from  the  degrees  scale  of  the  instrument,  and  deflections  of 
50°  (D"*)  and  21  J°  (cT)  respectively  were  obtained.  The  values  of 
8x1  S2,  and  B  were  200,  25,  and  380  ohms  respectively.  What  was 
the  resistance,  O,  of  the  galvanometer  ? 

tan  50°  =  1  •  1 91 8,    tan  21f  =  •  3990, 

therefore 

1-1918-  -8990 
G= r— T-r p-  =  100  ohms. 

127.  If  we  make  the  test  by  having  no  shunt  inserted  when 
the  first  deflection  is  observed,  that  is  to  say,  if  we  have  S^  s  oo^ 

or,  —  =  0,  then  equation  [B]  (page  129)  becomes 

n         ^  D-d 

G  =  d  -         —       ^,  |.j)j 


\S^  ^  hJ      B 
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and  equation  [C] 

^       tan  D"*  -  tan  d° 


Further  still,  if  we  make  R  a  very  high  resistance,  that  is,  if  in 
equations  [D]  and  [E]  we  make  ^^=  0,  then  we  get  the  simplifi- 
cations 


G  =  S.(L>-l)  tP] 


and 


G  =  S. 


/tanD^ 


n 


tan 


128.  In  order  to  determine  the  *<  Best  oonditions  for  making  the  test,"  and  also 
the  ••  PoBsible  degree  of  accuracy  attainable,"  let  us  write  equation  [A]  (page  129) 
in  the  form, 

G  C,  -  C, 

Now  this  equation  is  similar  in  form  to  equation  [B]  (page  123)  in  the  last 
test  (Diminished  defleution  direct  method),  the  only  difference  being  that  we 

have  -  instead  of  G,  and  f  —  +  —  j  and  (—  +  —  j  instead  of  R  and  f>,  respeo- 

tire]y ;  and  inasmuch  as  an  X'  per  'cent  error  in  -^  is  an  A'  per  cent,  error  in  G 

(though  of  the  opposite  sign),  we  can  see  tliat  the  value  of  A'  must  be  expressed 
by  an  equation  of  the  same  form  as  equation  [H]  (page  127),  that  is  to  say,  we 
must  have 

We  can  see,  therefore,  from  the  investigations  in  the  last  test  that  we  must 
have 

Best  Gonditions  for  making  the  Test. 

129.  Make  Si  and  R  as  large  as  possible  *  (§  125,  page  128). 
Make  S2  of  such  a  value  that  when  the  deflections,  D  and  d,  are 

in  dimsions,  then 

3 
*  The  investigations  in  tlie  case  of  the  last  test  prove  that  we  should  make 
( s  "^  -R  )  ^  9fnaU  as  possible ;  this,  of  course,  is  equivalent  to  making  S,  and  R 
as  large  as  possible. 
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approximately  ;  and  when  the  deflections  are  in  degrees  on  a  tangent 
galyanometer,  then 

tan  d»  =  ^:^ILE! 
3 

approximately. 

Po98ible  Degree  of  Accuracy  aiiainahle. 

If  the  deflections  are  in  divieionSy  and  if  we  can  read  their  value 
to  an  €iccuracy  of  ;J^th  of  a  division,  then  we  can  determine  the  value 
of  G  to  an  accuracy,  X',  of 

If  the  deflections  are  in  degrees  on  a  tangent  galvanometer,  then  if 
we  can  read  their  value  to  an  accuracy  of  ^th  of  a  degree,  we  can 
determine  the  value  of  G  to  an  accuracy,  X',  of 

V  =  CtanD-8,  +  te^8,)lgO  [1+0^  +  }X]  per  cent 
tan  <r  (tan  D°  -  tan  d°)    L  ^S^       B,Jj  ^ 

where 

81  =  tan  Di°  -  tan  D°,    and,    8,  =  tan  d^°  -  tan  cT. 

130.  It  may  be  remarked,  that  in  the  foregoing  methods  unless 
the  galvanometer  under  measurement  has  a  high  degree  of ''  sensi- 
tiveness "  (page  85),  then  even  a  moderate  degree  of  accuracy  in 
making  the  tests  cannot  be  assured. 
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CHAPTER  VI. 

MEASUREMENT  OF  THE  INTERNAL  RESISTANCE  OF 
BATTERIES. 

Half  Deflection  Metaod. 

131.  On  page  5  a  formula  is  given  for  deteimining  the  re- 
sistance r  of  a  battery,  viz. : — 

f  =  B-(2p+G), 

wliere  G  is  the  resistance  of  the  galvanometer  employed  to  make 
the  test,  p  a  resistance  which  gave  a  certain  current  through  the 
galvanometer,  and  E  a  larger  resistance  which  caused  the  strength 
of  this  current  to  be  halved. 

As  this,  though  a  simple,  is  a  very  good  test,  and  is  one  which 
is  very  frequently  made  use  of,  a  numerioal  example  may  prove  of 
value. 

For  example, 

"With  a  galvanometer  whose  resistance  was  100  ohms  (Q),  and 
a  battery  whose  resistance  (r)  was  to  be  determined,  we  obtained 
with  a  resistance  in  the  resistance  box  of  150  ohms  (p),  a  deflec- 
tion representing  a  current  of  a  certain  strength,  and  on  increasing 
p  to  600  ohms  (B),  we  obtained  a  deflection  which  showed  the 
current  strength  to  be  halved.  What  was  the  resistance  of  the 
battery? 

r  =  600  -  (2  X  150  +  100)  =  200  ohms. 

To  avoid  mistakes,  it  should  be  carefully  observed  that  in  working 
out  the  formula  we  "  First  double  the  small  resistance ;  to  the  result 
add  the  resistance  of  the  galvanometer,  and  deduct  this  total  from  the 
greater  resistance.** 

132.  A  very  common  method  of  making  this  test  is  to  employ 
a  galvanometer  of  praottcally  no  resistance,  and  to  take  tlie  first 
deflection  with  no  resistance  in  the  circuit  except  that  of  the  battery 
itself.     In  this  case  (2  p  -f-  G)  =  0,  ko  that 

r  =  R 
or  ^he  added  resistance  is  the  resistance  of  the  battery. 
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133.  If  we  compare  the  first  method  (§  131)  with  the  test  for 
determining  the  resistance  of  a  galvanometer  described  on  page  102 
(§  93),  we  can  see  that  the  two  are  almost  identical.  In  the  one 
case  we  determine  the  resistance  of  the  galvanometer,  and  in  the 
other  we  determine  the  resistance  of  the  battery  plus  the  galvano- 
meter, and  then  from  the  resnlt  deduct  the  value  of  the  galvano- 
meter.    This  being  so,  we  can  see  that  the 

Beat  Conditi(m8  for  making  the  Te$t 

are  obtained  by  making  p  +  G  a  fractional  value  of  r ;  to  do  which 
we  should  require  a  galvanometer  of  low  resistance. 

As  regards  the  possible  degree  of  accuracy  attainable^  we  can  see 
from  the  galvanometer  test  referred  to,  that 

A'=2(l  +  ^)y; 

that  is  to  say  : — 

Possible  Degree  of  Accuracy  attainable. 

If  we  can  be  certain  of  the  value  of  the  galvanometer  deflection 
to  an  accuracy  of  y'  per  cent.,  then  we  can  be  certain  of  the  accuracy 

of  the  value  of  r  within  2  ( 1  -f  —  j  y  ;  per  cent 

Or  if  we  employ  a  galvanometer  of  low  resistance,  then  we 
can  be  certain  of  the  accuracy  of  the  value  of  r  within  2  y'  per 
cent. 

If  the  galvanometer  deflection  be  too  high,  i.  e.  above  about  55^ 
(page  30,  §  35),  with  the  lowest  value  we  can  give  to  p,  then  the 
galvanometer  must  be  reduced  in  sensitiveness  by  being  shunted, 
and  the  value  of  G  in  the  formula  will  then  be  the  combined 
resistance  of  the  galvanometer  and  shunt,  that  is,  the  product  of 
the  two  divided  by  their  sum  (page  90). 

Thomson's  Method. 

134.  Fig.  75  shows  the  theoretical,  and  Fig.  76  the  practical 
methods  of  making  this  test. 

The  theory  of  the  method  is  as  follows :  The  galvanometer  G, 
a  resistance  p,  and  the  battery  whose  resistance  r  is  required, 
are  joined  up  in  simple  circuit  with  a  shunt  S  between  the  poles 
of  the  battery;  a  deflection  of  the  galvanometer  needle  is  pro- 
duced with  a  resistance  p  in  the  resistance  box.  The  shunt  is 
now  removed;  this  causes  the  deflection  to  become  larger;  p  is 
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then  increased  until  the  deflection  becomes  the  same  as  it  was  at 
first.  Let  the  new  resistance  be  R,  and  let  E  be  the  electromotive 
force  of  the  battery  and  C  the  current  passing  through  the  galvano- 
meter. 


^fihhK 


S 


^^-Qy  ^'^~ 


Pro.  75. 
In  th«  first  case  we  have 
0  = 


Fio.  7& 


E  S 

X 


r  + 


SO  +  G)  ^S  +  p  +  G 
B  +  p  +  G 

ES 

r(S  +  p  +  G)  +  S(p  +  G)' 


and  in  the  second  ease 


C  = 


E 


r  +  E  +  G' 


therefore 


E  ES 

r  +  B+G      rC8+p  +  G)  +  S0«  +  G)* 


By  multiplying  up  and  cancelling, 

r(p  +  G)  =  S(B-p). 


or 


r  =  S 


For  example. 

A  battery  whose  resistance  (r)  was  required,  was  joined  up  in 
Giicuit  with  a  resistance  of  200  ohms  (p)  and  a  galvanometer  of 
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100  ohms  (0)»  a  shnnt  of  10  oluns  (S)  being  between  tbe  poles  of 
the  battery. 

On  removing  the  shnnt  it  was  necessary,  in  order  to  rednce 
the  increased  deflection  to  what  it  was  originally,  to  increase  p  to 
8200  ohms  (B).    What  was  the  rehistanoe  of  the  battery  ? 

r==  10^^200  ^j^^j^^ 
200  +  100 

135.  The  investigation  for  determining  the  best  resistances 
to  employ  in  making  this  test  would  be  conducted  in  precisely 
the  same  manner  as  that  given  on  page  108  et  aeq.  For  the 
equation 

,R  —  p 


r  =  S 


is  the  same  aa 


r  =  g(R  +  G)  -  (P  +  G)» 

P  +  G 


whioh  is  the  same  kind  of  equation  as  the  one  in  the  test  we  haye 
referred  to,  viz. : — 

P 

and  as  in  this  case  we  proved  that  S  was  to  be  as  small  and  B  as 
large  as  possible,  so  from  the  preceding  equation  we  should  prove 
that  S  should  be  as  small,  and  B  +  O  cu9  large,  as  possible.  In 
order,  therefore,  to  obtain  the 

Beat  CondMonifor  making  the  Teatj 

136.  First  make  a  rough  test  to  ascertain  approximately  what 
is  the  value  of  r.  Having  done  this,  insert  a  shunt  (8)  between  the 
poles  of  the  battery,  of  less  resistance  than  r. 

Next  joint  up  p  in  circuit  with  G,  with  the  battery,  and  with 

g 
its  shunt  S,  making  p  +  Q  not  larger  than  ^  (G  +  E) ;  B  being 

the  highest  resistance  that  can  be  inserted  in  the  circuit. 

The  galvanometer  needle  being  obtained  at  the  angle  of 
maximum  sensitiveness,  note  the  value  of  p. 

Now  remove  the  shunt  and  increase  p  to  B,  so  that  the  in- 
creased deflection  becomes  the  same  as  it  was  at  first.  Note  B  and 
calculate  r  from  the  formula. 


Digitized  by 


Google 


INTERNAL  RESISTANCE  OF  BATTERIES.  137 

Posmble  Degree  of  Accuracy  attainable. 

From  the  galvanometer  test  referred  to,  we  can  see  that  if  we 
can  determine  the  value  of  the  galvanometer  deflection  to  an 
accuracy  of  y'  per  cent.,  then  we  can  determine  the  accnracy  of  r 
to  an  accnracy  of 

137.  As  we  cannot  in  this  test  vary  the  resistance  of  the 
galvanometer  so  as  to  obtain  the  deflection  at  the  angle  of  maxi- 
mum sensitiveness,  we  must,  if  the  deflection  be  too  high  with  the 
highest  resistances  we  can  put  in  the  circuit,  reduce  its  sensitive- 
ness by  means  of  a  shunt  between  its  terminals ;  the  value  of  Q 
in  the  formula  will  then  be  the  combined  resistance  of  the  galvano- 
meter and  its  shunt. 

The  constancy  of  a  battery  being  likely  to  be  impaired  by  its 
being  on  a  circuit  of  low  resistance,  it  is  not  advisable  to  reduce 
the  deflection  of  the  galvanometer  by  making  S  very  small.  In  fact 
8,  although  it  should  be  lower  than  the  resistance  of  the  battery, 
should  not,  in  this  test,  be  made  lower  than  we  can  help.  Thus, 
if  the  resistance  of  the  battery  were  about  200  ohms,  it  wotUd  be 
preferable  to  make  S  100  rather  than  10  ohms.  Should  the 
deflection  of  the  galvanometer  needle  be  too  low,  the  only  thing 
to  be- done  is  to  use  another  which  has  a  higher  figure  of  merit. 

138.  A  Thomson  galvanometer  (page  48)  answers  very  well  for 
tests  like  this,  as  its  figure  of  merit  can  always  be  made  sufGiciently 
low  by  placing  a  shunt  made  of  a  short  piece  of  wire  between  its 
terminals. 

139.  If  we  adjust  p  in  the  first  place  so  that  together  with  Q 
it  equals  S,  we  get  the  simplified  formula 

that  is,  the  added  resistance  is  the  resistance  of  the  battery.* 

Again,  if  we  commence  with  no  other  resistance  in  the  galvano- 
meter circuit  beyond  that  of  the  galvanometer  itself,  we  get  the 
simplification 

♦  Sabiue'8  *  The  Electric  Telegn^ph/  p.  314. 
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Lastly,  if  we  make  S  =  G,  then  we  get 

r   ::^R. 

If  we  arrange  the  tests,  however,  so  as  to  use  these  simplified 
formulas,  we  are  obliged  to  employ  an  arrangement  of  resistances 
which  would  not  be  at  all  advisable  if  we  wish  for  accuracy,  and 
it  is  very  questionable  whether  any  advantage  is  gained  by 
adopting  a  simplification  of  a  formula,  in  itself  simple,  at  the 
expense  of  accurate  testing. 

The  arrangemeut  of  key  described  in  §  109,  page  114,  may 
obviously  be  applied  to  the  foregoing  tests  with  advantage. 

Siemens'  Method. 

140.  Fig.  77  shows  the  arrangement  of  resistances,  Ac,  for 
determining  the  resistance  of  a  battery  by  Siemens'  method. 

A  C  is  a  resistance  on  the  slide  principle  (§  19,  page  17),  B  a 
resistance  connected  to  the  junction  of  the  galvanometer  O  and 
the  battery  whose  resistance  r  is  required.  The  other  end  of  B 
is  connected  to  the  slider  B. 


Fio.  77. 

Now  it  will  be  found  that  if  B  be  moved  towards  A  or  towards 
C  from  a  certain  point  midway  between  A  and  C,  the  current 
flowing  through  the  galvanometer  will  be  increased. 

It  follows  from  this  that  if  we  put  B  near  A  and  obtain  a 
certain  deflection,  we  can  also  obtain  this  same  deflection  by  sliding 
B  to  a  poiDt  near  C. 

Let  B  and  B|^  be  these  points,  and  let  a  be  the  resistance 
between  A  and  B,  h  the  resistance  between  B^  and  C,  and  p  the 
resistance  between  B  and  B^.  Also  let  E  be  the  electromotive 
force  of  the  battery,  and  r  its  resistance,  and  let  C  be  the  current 
deflecting  the  galvanometer  needle. 

Now  when  the  slider  is  at  B 

p E B 

r  +  fl^  BXp.±1±G)  "^R  +  P  +  t  +  G 
^     ^B+p+h+G 
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EK 

(r  +  a)  (R  +  p  +  6  +  G)  +  B  (p  +  6  +  G)' 

and  when  tlie  slider  is  at  B^ 

E  R 
^  =  (r  +  a  +  p)  (R  +  6  +  G)  +  E  (6  +  G) ' 
therefore 

(r  +  a)  (R  +  p  +  6  +  G)  +  R  (p  +  6  +  G) 
=  (r  +  a  +  p)  (R  +  6  +  G)  +  R  (6  +  G); 

therefore 

(r  +  a)p  +  Rp  =  p(R  +  6  +  G); 
from  which 

r+a =5+G 
or 

r  =  G  +  h^a. 

In  making  this  test,  then,  what  we  have  to  do  is  to  note  what 
are  the  values  of  A  B  (a)  and  B^  C  (b)  when  the  same  deflections 
are  obtained  on  the  galvanometer,  then  from  these  values  and  the 
resistance  of  the  galvanometer  we  oan  determine  the  resistance  of 
the  battery. 

141.  Another  way  of  making  the  test  is  to  find  the  point  be- 
tween A  and  C  which  gives  the  least  deflection ;  then  a  and  h  will 
be  the  resistances  on  either  side  of  this  point. 

142.  Let  ns  now  consider  what  are  the  **  Best  conditions  for  making  the  test." 
The  points  to  be  considered  are,  what  are  the  best  resistances  to  make  R  and  A  C, 
and  also,  at  what  point  should  we  place  the  slider  to  commence  with,  that  is, 
should  we  place  it  near  one  of  the  ends  of  A  C,  or  at  some  point  nearer  the  middle 
of  the  latter? 

From  the  equation 

r  =  G  +  6-a 

it  is  clear  that  any  error  made  in  &  or  a  will  make  an«  exactly  corresponding  error 
in  r ;  in  considering  the  problem,  therefore,  we  have  simply  to  determine  what 
arrangement  of  resistances,  &c.,  will  cause  any  slight  error  in  a  or  &,  that  is  any 
slight  movement  of  the  slider,  to  make  the  greatest  possible  alteration  in  the 
current,  that  is  in  the  deflection  of  the  galvanometer  needle. 

Let  us  suppose  the  slider  was  at  B  for  the  first  observation,  and  let  us  suppose 
that  when  the  slider  was  at  that  point,  a  current  G  flowed  though  the  galvanometer, 
and  that  when  the  slider  was  moved  to  Bj,  the  current  was  also  G.  Further,  when 
the  slider  was  moved  a  distance  A.  beyond  B  towards,  say,  A,  let  us  suppose  the 
current  was  increased  to  C  +  o. 

We  have  then  to  determine  what  arrangement  of  resistances,  &c.,  will  make 

^  as  large  as  possible. 
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Now 

E  R 
^  ^  (r  +  a)  (B  +  p  +  bT"G)  +  K  (p  +  6  +  G)* 
and  we  know  that 

r  +  a  =  6  +  G; 
conaeqnently 

(j^  EB 

(r  +  a)  (B  +  p  +  r  +  a)  +  B  (p  +  r  +  a)' 

and  by  patting  a  —  A.  for  a,  and  p  +  X  for  p,  we  gat 

Q  I  ^ E  B _  p 

(r  +  a-x)(B+p  +  r  +  a)+B(p  +  r+a)"'     " 
or 

therefore 

C  "  c        • 
therefore 

c X  (R  +  p  +  r  4-  a) 


[A] 


C  -  (r  +  a  -  X)  (B  +  p  +  r  +  a)  +  B  (p  +  r  +  a)' 
or,  Binoe  X  ia  a  very  small  qnantity,  we  may  say 

c ^A  (B  +  p  +  M-  a) 

C  "  (r  +  a)  (B  +  p  +  r  +  «)  +  B  (p  +  r  +  a)' 
or 

c  _  X 

•^^     ^B  +  (p  +  f  +  a) 

We  will  first  determine  at  what  point  the  slider  sliould  be  placed  to  commence 
with. 

Now  if  we  show  at  what  point  it  should  be  placed  near  A,  we  determine  the 
point  at  which  it  shoald  be  placed  near  C,  for  r  ■{•  a  mast  equal  G  +  &.  What 
we  have  to  do  then  is  to  determine  the  best  yalne  to  give  to  a. 

To  do  this  we  must  suppose  the  resistance  A  C  to  be  constant,  or  siiieo  r  and 
G  are  naturally  constants,  we  must  have 

r+a+p+6+G; 
thntis, 

r  +  o  +  p  +  r  +  a, 

equal  to  a  constant,  say,  E ;  therefore 

p  +  r  +  o  =  K  -  (r  +  a), 

therefore,  by  equation  [A],  we  get 

c X(B  +  K^(r  +  a)) 

C  -  (r  +  a)(B^K-(r4.  a))  +  B  (K  -  (r  +  a)) 

=      ^(R  +  ^_- (!:+  ^_  _ 

(f +  a)cK-(r  +  a))  +  BK' 
From  tliis  we  see  that  the  smaller  we  make  (r  +  a)  the  larger  will  be  the 
numerator  of  the  fraction.    Also  if  r  +  a  be  less  than  --  (which  it  must  be  in 
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tke  test),  the  smaller  we  make  it  the  smaller  will  be  the  denominator  of  the 
fraction*    This  may  be  proved  as  follows : — 

(r  +  a)(K-(r  +  a))  =  (r  +  a)K-(r  +  «)'  =  ^'-((r  +  «)-^y. 
If  in  the  latter  expression  we  make 


tlien 


((r  +  a)-jy  =  0. 


which  makes  the  expression  as  small  as  pobsible. 

But  if  we  make  r  +  a  either  larger  or  smaller  tl.an     ,  then  {(»"  +  a)  —  ^ ) 

does  not  equal  0,  but  it  has  a  plus  value  which  increases  in  proportion  as  we 

K         K 
make  either  (r  +  a)  larger  than  ^i  or        Inrger  than  (r  -^  a);   for  al though 

((r  +  a)  —  ~ )  in  one  case  will  have  a  positive,  and  in  the  other  case  a  negative 

▼alne,  still  ( (r  +  a)  ?j  is  poaitive  in  both  cases. 

If,  therefore,  we  make  (r  +  a)  smaller  than  -  ,  the  vulue  of  the  expression 

referred  to,  and  consequently  the  value  (r  +  a)  (K  —  (r  +  o)  ),  will  increase  in 
proportion. 

Consequently  the  smaller  we  make  (r  f  a),  and  therefore  a,  the  larger  will 

0 

It  is  best,  therefore,  to  plaoe  the  slider  to  commence  with  as  near  to  one  end 
of  A  C  as  possible. 

Next  we  have  to  determine  what  value  we  should  give  to  A  C.  This  we  shall 
do  if  we  determine  what  value  p  should  have.  If  we  write  equation  [B]  (page  140) 
in  the  form 

0  K 

B  "^  p  4-  r  +  a 

we  can  see  that  r,  a,  and  R  being  constant,  ~  is  made  as  large  as  possible  by 

making  p  as  small  as  possible ;  but  we  can  also  see  that  there  is  but  little  use  in 
making  p  much  smaller  than  r  +  a,  or,  as  a  ought  to  be  small,  iu  makjng  it  much 
smaller  than  r. 

Lastly,  we  have  to  find  what  value  it  is  best  to  give  to  B ;  this  we  can  also 
determine  from  the  last  equation.    We  can  see  from  the  latter  that,  r,  a,  and  p, 

being  constant  quantities,  -^  is  made  as  large  as  possible  by  making  U  as  small 

as  possible ;  but  we  can  also  see  that  we  gain  but  very  little  by  making  B  much 
smaller  than  r  -{^  ct,  or,  as  a  ought  to  be  small,  by  making  it  smaller  than  r. 
Actually,  of  course,  we  could  not  make  B  extremely  small,  for  the  reason  that  the 
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battery  and  galvanometer  would  then  be  practically  short-circnited,  and  a  read- 
able deflection  could  not  be  obtained. 
Since 

r  +  a  =  G  +  6, 

a  can  only  be  made  small  by  having  G  email;  it  is  therefore  best  to  have  a 
galvanometer  of  as  low  a  resistance  as  possible,  or  rather  of  a  resistance  not 
exceeding  r. 

We  proved  that  the  slider  should  be  as  near  one  end  of  A  G  as  possible.  The 
end  we  can  place  it  nearest  to  must  evidently  be  the  end  to  which  the  greatest 
resistance  is  connected ;  therefore,  whichever  value  of  r  or  G  happens  to  be  the 
greatest,  at  the  end  to  which  that  larger  value  is  connected  should  the  slider  be 
placed  to  commence  with. 

In  order  to  determine  the  "perrentage  of  accuracy  attainable"  we  must  in 
equation  [B]  (page  140)  put  peroeatages  x'  and  y'  for  the  absolute  values  A.  and 
c,  that  is  to  say,  we  must  have 

X  =  j^^ofr,    and.    <.=  j^ofC. 
in  which  case  we  get 

L  R  +  p  +  r  +  oJr 

To  summarise  the  results,  then,  we  have 

Best  Conditions  for  making  the  Test. 

143.  The  Blider  at  commencing  should  be  as  near  as  possible 
to  that  end  of  A  C  to  which  is  connected  the  greatest  of  the  values 
r  and  G.  The  value  of  A  C  should  not  be  less  than  the  value  of 
the  greater  of  the  two  quantities  r  and  G.  B  should  be  lower  than 
the  greater  of  the  two  quantities  r  and  G. 

The  galvanometer  resistance  should  not  exceed  r,  and  the  de- 
flection should  be  obtained  at  the  angle  of  maximum  sensitiveness. 
This  can  be  done  by  varying  B ;  but  inasmuch  as  the  latter  should 
be  lower  than  r,  it  is  desirable  to  use  a  galvanometer  of  such  sensi- 
tiveness that  B  can  be  made  sufficiently  small  without  reducing 
the  deflection  too  low. 

FosmhU  Degree  of  Accuracy  attainable. 

If  we  can  be  certain  of  the  galvanometer  deflection  to  an. 
accuracy  of  y  per  cent.,  then  we  can  be  certain  of  the  value  of  r 
to  an  accuracy,  X',  of 

V=rr+a+«|^±f±j)l5::  per  cent 
L  B+p  +  r  +  aJr^ 

If  B,  a,  and  pare  very  small  compared  with  r,  then  we  get 
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144.  As  in  previons  tests,  we  aboald  first  determine  the  value 
of  r  ronghly,  and  then  more  exactly  with  the  resistances  properly 
arranged. 

145.  We  have  hitherto  supposed  A  G  to  be  a  slide  renstaneey 
bnt  it  is  not  absolutely  necessary  that  it  should  be  so ;  the  test 
can  very  well  be  made  in  the  following  manner  : — 

Beferring  to  Fig.  77,  and  supposing  r  to  be  greater  than  G, 
let  the  resistances  p  and  h  be  ordinary  ones  and  both  capable  of 
variation,  and  let  the  resist-ance  a  be  done  away  with. 

Having  connected  E  to  B,  that  is,  to  the  pole  A  of  the  battery, 
plug  up  all  the  resistance  in  h  and  adjust  p  and  B  till  the  deflec- 
tion of  maximum  sensitiveness  is  obtained  on  the  galvanometer. 
Care  must  be  taken  that  the  adjustment  of  p  and  fi  is  so  made 
that  R  is  less  and  p  greater  than  G.  If  the  galvanometer  has 
a  sufficiently  high  figure  of  merit,  there  will  be  no  difficulty  in 
doing  this. 

Next  shift  the  connection  of  R  from  B  to  Bj,  and  proceed  to 
adjust  a  nd  p  until  the  original  deflection  is  reproduced,  the 
adjustment  being  made  in  such  a  manner  that  the  same  resistance 
is  plugged  up  in  p  that  is  unplugged  in  b ;  then 

r  =  G  +  6. 

It  must  be  noted  that  of  the  two  quantities  G  and  r  the  one 
which  has  the  greatest  resistance  must  be  connected  to  p  at  B. 
In  the  case  we  have  considered  we  have  supposed  that  r  was  the 
larger  quantity,  but  if  G  had  been  the  larger  of  the  two  the  posi- 
tion of  G  and  r  would  have  had  to  have  been  reversed,  and  the 
resistance  of  r  would  have  been  given  by  the  formula 

r  =  G  -  6. 

The  modus  operandi  of  the  test  would,  however,  be  precisely  the 
same  in  the  two  cases. 

Two  sets  of  resistance  coils  are  evidently  necessary  to  make 
this  test,  as  it  cannot  be  made  with  a  single  set  of  the  ordinary 
kind  (Fig.  6,  page  14). 

Mance's  Method. 

146.  This  test  is  of  a  very  similar  nature  to  Thomson's  method 
of  determining  the  resistance  of  a  galvanometer  given  on  page  115. 
Fig.  78  (page  144)  shows  the  theoretical  method  of  making  the  t^st. 

In  the  theoretical  figure,  a,  h,  and  d  are  resistances,  g  a  galvano- 
meter, and  E  a  battery  whose  resistance  r  is  required. 
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A  key  is  inserted  between  the  junctions  of  a  with  b'  and  d 
with  r.  By  depressing  this  key  the  junctions  are  connected 
together. 

C 


Let  us  first  suppose  the  key  to  bo  up,  Ihen  the  current  C, 
flowing  through  the  galvanometer  will  be 

E  a  +  b 


C.= 


r  +  d  + 


{a  +  b)9        a+b  +  g 


a  +  b+g 

E(o  +  6) 

g(a  +  b  +  d  +  r)  +  (a  +  bXd  +  ry 


['] 


Next,  suppose  the  key  to  be  pressed  down ;  then  the  current  C, 
fiowiiig  through  the  galvanometer  will  be 

E  a 


r  + 


f  bd    ^    \  bd    ^      , 


bd 
b  +  d 


+  9  +  a 


E(5  +  <r)a ro-i 

-g(a  +  r)(b+d)  +  bdia  +  r)  +  ar(b  +  dy       ^^ 

Now  if  the  resistances  be  adjusted  so  that  the  deflection  of  the 
galvanometer  needle  remains  the  same  whether  the  key  is  de- 
pressed or  not,  then  equations  [1]  and  [2]  are  equal ;  that  is 

E  (o  +  6) ^_ 

^(a  +  6  +  d  +  r)  +  (a  +  6)  (d  +  r) 

E(fc  +  d)a 

gXa  +  rXb  +  d)  +  bd{a  +  r)  +  ar(6  +  d)* 
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If  we  refer  to  **  ThomBon*B  galvanometer  resistance  test ''  on 
page  116,  we  oan  see  that  this  equation  is  similar  to  equation  [3] 
on  that  page  with  the  exception  that  r  and  g  are  interchanged^ 
It  must  therefore  he  ohvions,  by  the  same  development  of  the 
equation  as  that  given  on  the  page  referred  to,  that 

ad* 

147.  The  great  advantage  of  this  test  is  that  the  electromotive 
force  of  the  battery  need  only  be  constant  during  the  very  short 
interval  of  time  occupied  in  depressing  and  raising  the  key. 

148.  In  making  the  test  practically  the  connections  would  be 
made  as  shown  by  Fig.  78.  Terminals  E  and  B'  would  be  joined 
by  a  short  piece  of  thick  wire ;  the  other  connections  are  obvious. 

The  left-hand  key  puts  the  galvanometer  on ;  this  key  must 
be  depressed  and  held  permanently  down,  and  the  right-hand  key 
then  alternately  depressed  and  raised,  and  the  resistanoe  d,  that  is, 
the  resistance  between  A  and  E,  at  the  same  time  adjusted  until  the 
deflection  of  the  galvanometer  needle  remains  the  same  whether 
the  key  is  up  or  down. 

*  The  traih  of  this  proportion  also  follows  finom  the  principle  of  the  Wheat- 
stome  Bridge  (Chapter  Yin.).  For,  supposing  to  commence  with,  we  have  no 
dlectromotiTe  force  in  the  arm  O  U,  and  that  we  have  a  battery  in  circuit  with 
tne  key  K— the  ordinary  Wheatstone  Bridge  arrangement,  in  &ct— then,  when 

we  have  no  movement  of  the  galvanometer  needle  on  opening  or  dosing  K.  Let 
us  next  suppose  the  electromotive  force  E  to  exist,  then  tne  result  of  E  is  in 
no  way  to  affect  the  values  of  the  resistances,  it  simply  cau»es  currents  to 
flow  through  the  latter,  and  through  g  amongst  others,  these  currents  being 
snperimpo^  on  those  caused  by  the  battery  which  we  have  supposed  to  be  in 
eironit  with  the  key  K.  But  inasmuch  as  there  is  no  current  through  g  due  to 
the  battery  in  circuit  with  E,  and  as  all  the  other  conditions  remain  unchanged, 
the  movement  of  K  cannot  affect  the  current  which  is  now  flowing  through  g, 

though  it  would  do  so  if  the  proportion  ^^%-  were  not  satisfied,  for  in  that  case 

a  current  due  to  the  battery  in  circuit  with  K  would  flow  through  g  when  K  is 
depressed,  this  current  being  superimposed  on  the  current  due  to  E.  Lastly,  if 
no  effect  Ib  produced  on  the  galvanometer  needle  when  there  is  a  battery  in  circuit 
with  K«  and  when  K  is  raibed  and  depressed,  then  it  is  obvious  that  no  effect  can 
be  produced  if  there  is  no  battery  in  the  circuit  of  K.  If,  however,  under  the 
latter  condition  the  raising  and  depression  of  K  does  cause  the  galvanometer 

needle  to  move,  then  it  is  dear  that  the  proportion  r  =  ~-  is  not  satisfied,  that  is 

o 

to  aay,  the  absenoe  of  any  movement  shows  that  f  =  \* 
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149.  Again  referring  to  Thomaon's  galTonometer  reristanoe 
test ;  it  must  be  clear,  by  subBtitatiag  r  for  g  in  the  equations^ 
that  to  obtain  the 

BeH  Canditimufar  making  ike  Ted, 

Make  a  as  low  as  possible  and  h  as  high  as  possible,  but  not  so 
high  that  d  when  exactly  adjusted  would  exceed  all  the  resistance 
we  conld  insert  between  D  and  E  (see  Fig.  79). 


Fio.  79. 

Adjnst  d  approximately,  and  then,  If  necessary,  adjust  the 
resistance  of  the  galvanometer  shunt  (which  it  will  be  necessary 
to  employ)  so  that  the  final  deflection  is  as  nearly  as  possible  that 
of  maximum  sensitiveness,  and  then,  having  exactly  adjusted  d, 
calculate  r  from  the  formula. 

PassSfle  Degree  ofAceuraeg  aUainahle. 

If  we  can  determine  the  value  of  the  galvanometer  deflection 
to  an  accuracy  of  y  per  cent.,  then  we  can  be  certain  of  the  value 

of  r  to  at  accuracy  of  (l  +-']fi +2)'/  per  cent 

150.  In  the  practical  execution  of  the  test  with  the  set  of 
resistance  coils  shown  by  Fig.  79,  the  lowest  value  we  could  give 
to  a  would  be  10  units,  unless  we  improvised  a  resistance  of  less 
value,  which  it  might  be  necessary  to  do. 

Mange's  Method  with  the  Slide  Wire  Bridge.     . 

151.  Mance's  test  is  sometimes  made  by  having  a  +  6  a  slide 
wire  resistance,  d  being  a  fixed  resistance;  in  this  case  the  slider 
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would  be  moyed  along  between  A  and  0  until  the  ^int  is  found 
at  which  the  depression  or  raising  of  the  key  makes  no  alteration 
in  the  deflection  of  the  galvanometer  needle. 

For  practically  executing  the  test  the  apparatus  known  as 
the  "  Slide  Wire  "  or  "  Metre  Bridge  "  may  be  used.  This  appa- 
ratusy  which  is  shown  by  Fig.  80»  is  described  in  Chapter  YIII. 


I     I     I    .izin 


^ 


I     I     I 


Fig.  80. 


(The  Wheatstone  Bridge).  The  slide  wire,  a  +  6,  which  is 
1  metre  long,  is  stretched  upon  an  oblong  board  (forming  the 
base  of  the  instrument)  parallel  to  a  metre  scale  divided  through- 
out its  whole  length  into  millimetres,  aud  so  placed  that  its  two 
ends  are  as  nearly  as  possible  opposite  to  divisions  0  and  1000 
respectively  of  the  scale.  The  ends  of  the  wire  are  soldered  to  a 
broad,  thick  copper  band,  which  passes  round  each  end  of  the 
graduated  scale,  and  runs  parallel  to  it  on  the  side  opposite  to  the 
wire.  This  band  is  interrupted  by  four  gaps,  at  m^,  r,  d,  and  m^. 
On  each  side  of  these  gaps  are  terminals.  In  making  the  test 
under  consideration,  the  gaps,  mj  and  m^  are  closed  by  ihiok 
oopper  straps.  The  slider  S  makes  contact  with  the  slide  wire 
by  the  depression  of  a  knob  on  S. 

The  battery,  r,  a  resistance,  d,  and  a  galvanometer,  g^  being 
joined  up  as  dbown,  the  slider  S  is  moved  along  the  scale,  the 
knob  being  depressed  at  intervals,  until  the  point  is  reached  at 
which  the  depression  makes  no  change  hi  the  permanent  deflec- 
tion of  the  galvanometer  needle.  When  this  is  the  case,  then 
as  in  Thomson's  galvanometer  test  (page  115),  we  have 
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Far  exam^. 

In  the  foregoing  test,  equilibrium  wai  prodaoed  when  d  was 
1  ohm,  and  a,  450  divisions;  what  was  the  resistance,  r,  of  the 
battery? 

r  =  l_i5?— =  15?».85ohm. 
1000  -  460       560 

152.  The  hett  condition  far  making  the  iett  are  similar  to  those 
required  for  "Thomson's  galvanometer  test"  (page  115),  namely, 
we  should  make  d  larger  than  r,  but  not  greater  than  about  ten 
times  r. 

Ab  a  rale  the  complete  slide  wire  bridge  is  furnished  with  but  four  reeistanoe 
odls  of  1  ohm  each,  ao  that  the  choice  of  a  reaiBtanoe  to  insert  in  d  is  limited, 
and  it  may  not  be  possible  to  follow  out  the  rale  of  "making  d  about  10  times 
as  large  as  r.'*  In  this  case  the  possibility  of  an  accurate  measurement  becomes 
proportionately  reduced  below  the  highest  possible  standard,  so  that  on  the  one 
hand  a  cell  whose  resistance  is  much  less  than  one-tenth  of  an  ohm,  or,  on  the 
other  hand,  a  cell  whose  resistance  exceeds  4  ohms,  cannot  be  measured  with  the 
highest  possible  accuracy. 

Strictly  speaking  (as  has  been  pointed  out),  in  order  to  ensure  accuracy  it  is 
necessary  that  the  resistance  of  the  portion  of  the  slide  wire,  a,  be  leas  than  the 
resistance  of  the  battery  to  be  measured;  but  as  the  resistance  of  the  whole 
length  of  the  wire  will  not  exceed  one>tenth  of  an  ohm,  the  resistance  of  the 
length  a  will  practically  be  less  than  the  resistance  of  the  battery,  unless,  of 
course,  this  resistance  is  extremely  low. 

The  posMle  degree  of  accuracy  attainable  we  can  see  from 
Thomson's  galvanometer  test  (page  116)  must  be  given  by  the 
equation 

y^     100000  8 


.,^^^ r-  per  oent. 

a  (1000  -  a) 


where  S  is  the  degree  of  accuracy  in  divisions  to  which  the  slider, 
S,  can  be  adjusted.  If  we  can  adjust  to  an  accuracy  of  1  division, 
then  S  <=  1. 

For  example. 

In  the  last  example,  what  would  be  the  degree  of  accuracy, 
X',  with  which  the  value  of  r  could  be  obtained,  supposing  that 
the  position  of  the  slider  could  be  determined  to  an  accuracy  of 
1  division  (8)? 

,  ^       100000  X  1       ^  .  40  per  cent, 
450  (1000  -  450)  ^ 

153.  The  sensitiveness  of  Mance's  test  can  be  considerably 
increased  by  including  a  battery  in  the  key  circuit ;  this  must  be 
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evident  firom  the  note  on  page  145.  In  making  the  test  in  this 
manner  the  additional  battery  should  preferably  be  oonneoted  up 
so  as  to  aot  in  the  same  direction  as  the  battery  being  measured, 
i.  e.  in  the  case  shown  by  Fig.  78,  the  zinc  of  the  additional 
battery  must  be  connected  to  E. 

154.  The  facility  and  accuracy  with  which  all  the  foregoing 
tests  (except  the  half-deflection  test)  can  be  made  may  be  greatly 
increased  by  the  following  arrangement :  Use  a  galvanometer 
with  a  high  '*  figure  of  merit"  (page  85),  and  instead  of  making 
the  test  with  the  needle  brought  to  the  *' angle  of  maximum 
sensitiveness "  (page  25),  make  it  with  the  needle  brought  ap- 
proximately to  zero  by  means  of  a  powerful  permanent  magnet 
set  near  the  instrument ;  under  these  conditions  the  galvanometer 
needle  wiU  be  highly  sensitive  to  any  small  change  in  the  current 
strength. 

Another  arrangement  whidi  may  be  very  conveniently  adopted 
is  to  employ  a  galyanometer  with  a  high  "  figure  of  merit,"  and 
wound  with  two  wires*  One  of  these  wires  would  be  joined  in 
circuit  with  the  battery  under  test,  &c.,  in  the  usual  way;  the 
other  would  be  connected  in  circuit  with  a  small  battery  and  a 
set  of  resistance  coils,  the  connections  being  so  made  that  the 
currents  through  the  two  coils  oppose  one  another.  When  the 
deflection  due  to  the  battery  under  test  is  obtained,  the  second 
battery  and  resistance  coils  are  connected  up,  and  then  this 
batteiy  is  adjusted  until  the  needle  is  brought  to  zero  as  nearly 
as  possible.  The  test  is  then  made  as  in  the  case  where  a  per- 
manent magnet  is  used. 

155.  In  the  case  of  Mance's  test  with  the  slide-wire  bridge^ 
if  the  test  is  made  either  by  using  a  permanent  magnet  in  the 
way  described,  or  by  using  a  galvanometer  wound  with  a  double 
wire,  it  is  best  to  make  d  as  nearly  equal  to  the  resistance  of  the 
battery  as  possible  (it  should  not  be  made  less),  as  in  this  case, 
since  the  slider,  S,  will  have  to  be  set  near  the  centre  of  the  scale, 
a  greater  range  of  adjustment  is  given  to  it,  for  5  divisions  near 
the  centre  portion  of  ihe  scale  (500  division  mark)  are  equivalent 
to  only  1  division  near  the  100  division  mark.  It  is  true  the 
arrangement  is  not  quite  so  sensitive  as  it  would  be  if  the  slider 
were  set  towards  the  end  of  the  scale ;  but  still,  if  we  can  employ 
a  galvanometer  with  a  high  figure  of  merit,  this  small  loss  of 
sensitiveness  is  more  than  compensated  for  by  the  increased  range 
which  can  be  obtained  on  the  scale. 
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Diminished  Deflbction  Dibect  Method. 

156.  This  method,  which  has  been  generallj  described  in 
Chapter  I.  (§  6,  page  4),  is  as  follows : — 

The  battery  whose  resistance,  r,  is  required,  a  galvanometer 
of  resistance,  G,  and  a  resistance,  p,  are  joined  up  in  simple 
circuit;  the  deflection  obtained  is  noted.  Let  this  deflection  be 
due  to  a  current,  C^,  then  calling  E  the  electromotiye  force  of  the 
battery,  we  have 

^i  =  r  +  G  +  p^     ""^^    Ci(r  +  G)  +  C,  p  =  E. 

The  resistance,  p,  is  now  increased  to  R,  so  that  a  new  deflection 
due  to  a  current,  Cj,  is  produced,  then  we  have 

<^»  =  r  +  G  +  B'     ^''    C,(r  +  G)  +  C,R  =  E; 

hence 

Ci  (r  +  G)  +  Ci  p  =  O2  (r  +  G)  +  Ca  R, 
or 

(r  +  G)(Ci-Ca)  =  CaE-CiP; 
therefore 


that  is 


If  a  tangent  galvanometer  is  employed  for  making  the  test, 
then  if  the  deflections,  D  and  d,  are  read  from  the  tangent  scale 
of  the  instrument,  thoRC  deflections  can  be  directly  substituted 
for  the  quantities,  Cj,  C,,  for 

DidrrOirCj; 

in  this  case,  then,  we  have 

r^i^-^-O.  [B] 

(1)  Foreacample, 

With  a  tangent  galvanometer  whose  resistance  was  10  ohms 
(G),  and  a  battery  whose  resistance,  r,  was  required,  a  deflection, 
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of  60  diviaions  (D)  on  the  tangent  soale  of  the  instrument  was 
obtained,  when  a  resistance  of  10  ohms  (p)  was  in'circnit;  when 
the  latter  resistance  was  increased  to  230  ohms  (R)  the  deflection 
was  reduced  to  20  diyiidons  (d).  What  was  the  resistance  of  the 
battery? 

^^20X280-60X10, iQ^^Q^t^^^ 
60-20 

If  the  readings  are  made  from  the  degrees  scale,  then  we  must 
Bubstitnte  the  tangents  of  the  deflections  for  the  deflections  them- 
selyes;  the  formula  then  becomes 


_  tan  (T  B  -  tan  D^  p  _  ^  rp. 


tan  D°  -  tan  (T 

(2)  For  example. 

In  a  measurement  similar  to  the  foregoing  the  readings  were 
made  from  the  degrees  scale  of  the  galvanometer,  and  deflections 
of  bO""  (D'')  and  21|''  (dT)  respectiyely  were  obtained  with  resis- 
tances of  10  ohms  (p)  and  229  ohms  (B)  in  the  circuit.  The 
resistance  of  the  galvanometer  was  10  ohms  (G).  What  was  the 
resistance,  r,  of  the  battery  ? 

tan  60^  =  1-1918,  tan  21}  =  -3990, 

therefore 

^  ^  -3990  X  229  -  1-1918  X  10  ,  ,^  ^  ,^  ,^^.^ 
1-1918 --3990  v^^vuma. 

157.  tf  in  equations  [B]  and  [0]  we  have  p  =  0,  that  is  to 
say,  if  we  make  the  test  by  having  at  first  no  resistance  in  the 
circuit  except  that  of  the  galvanometer  and  the  battery  itself,  then 
we  get 


and 

*- T^ 

tanD  —  tand 


r-^...^A..r-^'  m 


158.  In  order  to  determine  the  *'  Beit  oondltionf  fisr  making  the  test,*  and 
also  the  **  Fcesible  degree  of  aoonzaoy  attainable,*  let  us  write  equation  [A]  in 
the  form 

,  -  cat+q)-o.(i»+q) 
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Now  thia  equation  is  similar  to  equation  [B]  (page  128)  in  the  *^  Diminished 
pefleotion  Direct  Method  "  of  determining  the  radstanoe  of  a  galfanometer, 
except  that  in  the  latter  method  we  haye  the  quantities  B  and  p  in  the  place  of 
the  quantities  (B  -f  G)  and  0»  +  G) ;  consequently  we  can  at  once  see  from  the 
faivestigation  in  the  test  referred  to  tiiat  we  most  haye— 


Beit  CkmdtiiofM  for  making  the  Te$t. 

159.  Make  p  as  small  as  possible. 

Make  B  of  such  a  value  that  when  the  deflections^  D,  d,  are  in 
divinons^  then 

"J 

approximately ;  and  when  the  defleotionB  are  in  degree$  on  a  tangent 
galvanometer,  then 

.       -      tanP" 
tan<r=-^ 

approximately. 


Poetible  Degree  of  Aeewracy  attaiAMe. 

If  the  deflections  are  in  divisiofiM^  and  if  we  oan  read  their  valae 
to  an  aoouracy  of  -^th  of  a  division,  then  we  can  determine  the  value 
of  r  to  an  aooui»oy,  X',  of 

*  If  the  deflections  are  in  degreee  on  the  tangent  galvanometer, 
then  if  we  oan  read  their  value  to  an  accuracy  of  ^th  of  a  degree, 
we  oan  determine  the  value  of  G  to  an  aocuraoy,  X',  of 

w^(tanD°8,-tan(raOlOO/        p-hG\  . 

^  "    tan(i*(tanD^-tandT  (^1  + -^^J  per  cent. 

where 

8;istanD;^°-tanD%    and,    S,  s  tan  ifj^""  -  tan  cT. 
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DlMIHISHED  DSFLECnOK  ShUFT  MbTHOD* 

160.  This  method  is  shown  by  Fig.  81.  The  battery,  r,  whose 
resistanoe  is  to  be  determined,  is  joined  np  in  cirouit  with  a 
resistanoe,  R,  a  galvanometer,  G,  and  a 
shnnt,  Si ;  the  defleotion  obtained  is  noted  ; 
let  this  deflection  be  dne  to  a  current  C|, 
then  calling  E  the  electromotive  force  of 
the  battery,  we  have  (page  135) 


^fi>f*K 


Ox   = 


r(Si  +  B  +  G)  +  Si(B  +  Q)' 


or 

Cir(Si  +  R  +  Q)  +  OiSi(R  +  G)_g 

The  resistanoe  of  the  shunt  is   now  yiq,  81. 

rednoed  to  S,,  so  that  the  galvanometer 

deflection  is  also  reduced ;  let  this  new  deflection  be  due  to  a  current 
C,,  then  we  have 

C,r(8,  +  R  +  G)  +  C,S,(R  +  G)  ^  j,. 
8j 
fherefore 

C,f  (S,+B+G)+C,S,(R+G)  _  Ctr(Sx+B+G)+CiSi(B+G) 

8,  S, 

that  is, 

r  [0,8, (8,+B+G)  -  0, S,(Si+B+G)]  =  8, 8,(B+G)(0»-0,> 
from  which  we  get 

StS,(B  +  G)(C.-C,) 
'-  0,Si(S,  +  B  +  G)-CjS,(8,+B  +  G)* 
or 


Ci  —  C, . 


«'(i+ffT73)-"'(s;+irTa) 


[Al 


In  the  case  of  a  tangent  galvanometer,  if  the  deflections,  D  and 
df  are  read  from  the  tangent  scale,  then  we  should  have 

D-d 


r  = 


[B] 
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(1)  For  example. 

With  a  tangent  galvanometer  whose  resistance  was  10  ohms 
(O),  and  a  battery  whose  resistance,  r,  was  required,  we  obtained 
with  a  shunt  of  200  ohms  (Sj),  a  deflection  of  60  divisions  (D)  on 
the  tangent  scale  of  the  instrument ;  when  the  shunt  was  reduoed 
to  25  ohms  (S,)  the  deflection  was  reduced  to  20  divisions  (d). 
The  resistance,  B»  was  710  ohms.  What  was  the  resistance  of 
the  battery  ? 

•       r=  ^Q"^Q     ^ ^QOohms. 

^^  V25  "^  710  +  10/ "  ^^  \200  "•"  710  +  loj 

If  the  deflections  are  read  in  degrees^  then  in  equation  [B] 
(page  153)  we  must  substitute  tan  D^  and  tan  if  for  D  and  d 
respectively,  we  then  get 

r tanD°-t.nd° ^^ 

(2)  Far  example. 

In  a  measurement  similar  to  the  foregoing  the  readings  were 
made  from  the  degrees  scale  of  the  galvanometer,  and  deflections 
of  50°  (D°)  and  21|°  (cT),  respectively,  were  obtained.  The  values 
of  S|,  Sa,  B,  and  G  were  200,  25,  655,  and  10  ohms,  respectively. 
What  was  the  resistance  r,  of  the  battery? 

tan  50**  =  1-1918,  tan  21}°  =  -3990. 

Therefore 

1-1918-  -3990 


r  = 


=  90  ohms. 


161.  If  we  make  the  test  by  having  no  shunt  inserted  when 
the  first  deflection  is  observed,  that  is  to  say,  if  we  have  81  =  00, 

or,  5-  =  0,  then  equation  [B]  becomes 

D-d 


P>1 


E  +  Q 
[and  equation  0] 


tan  D*"  -  tan  (T rj,i 
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'  Further  still,  if  we  make  B  a  very  high  reaistanoe,  that  is,  if 
in  equations  [D]  and  [E]  we  make  ^  ^  =  0,  then  we  get  the 
simplifioations 


-8,(?-i)  m 


and 


s.^*"" 


(s->         P" 


162.  If  we  refer  to  the  '<  Diminished  deflection  shnnt  method  " 
(page  128)  of  determining  the  resistance  of  a  ^  galvanometer  "  we 
can  see  that  equation  (A)  (page  129)  in  that  test  is  almost  precisely 
similar  to  equation  (A)  (page  153)  of  the  present  test,  the  only 

difference  being  that  in  the  latter  we  have  ^       ^  in  the  place 

XC   +    (jT 

of  ^,  consequently  we  must  have — 

Best  Conditions  for  making  (he  Test. 

Hake  S^  and  B  as  large  as  possible. 

Make  82  of  such  a  value  that  when  the  deflections,  D,  et,  are 
in  difnsions^  then 

approximately ;  and  when  the  deflections  are  in  degrees  on  a  tangent 
galvanometer,  then 

tanD** 


approximately. 


tan<r 3- 


Possible  Degree  of  Accuracy  attainahle* 

If  the  deflections  are  in  divisions,  and  if  we  can  read  their  value 
to  an  accuracy  of  ^th  of  a  division,  then  we  can  determine  the  value 
of  r  to  an  accuracy,  V,  of 

If  the  deflections  are  in  degrees  on  a  tangent  galvanometer,  then 
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if  we  oan  read  their  valiie  to  an  aoooraoyof  ^  th  of  a  dsgre^^  we  can 
determine  the  value  of  r  to  an  aocnracy,  X,  of 

w     (tanD^aa  +  tanfTSQlOOri   ^Jl    .       l^M^,.«a«t 

where 

8i  =  tan  Di**  -  tan  D^    and,    «,  =  tan  d^""  -  tan  <P. 

168.  In  all  the  foregoing  tests  it  is  very  neoessary  that  the 
galvanometer  nsed  be  a  highly  sensitive  one  (page  85),  otherwise 
even  a  moderate  degree  of  aoonraoy  cannot  be  obtained. 

164.  Other  methods  of  measuring  the  resistance  of  batteries 
will  be  referred  to  hereafter  (see  Index);  these  methods  involve 
principles  which  can  be  more  conveniently  disonssed  later  on. 
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CHAPTER  Vn. 

MEASVBEMENT  OF  THE  ELEOTBOMOTIVE  FOBCE 
OF  BATTEBIE8. 

165.  The  methods  of  measuring  or  comparing  the  electro- 
motive forces  of  batteries  are  perhaps  more  numerous  than  any 
other  class  of  measurements. 

Although  no  absolute  standard  of  the  unit  of  electromotive 
force  (the  voU)  exists,  yet  there  are  several  standards  of  known 
value  with  which  comparisons  may  be  made. 

166.  For  rough  meafiurements  any  form  of  Daniell  cell  may  be 
used  as  a  standard,  the  electromotive  force  being  taken  as  1  volt ; 
this  value,  however,  cannot  be  regarded  as  being  correct  to  a  closer 
degree  of  accuracy  than  about  10  per  cent,  tbe  value  of  a  Daniell 
cell  being  actually  more  than  1  volt. 

Standibd  Cells. 

POCT  OFFICE  8TAND1RD. 

167.  Originally  the  Post  Office  used  as  a  standard  a  particular 
form  of  Daniell  cell ;  this,  however,  has  been  entirely  abandoned 
in  favour  of  an  ordinary  "dry**  cell,  which  is  from  time  to  time 
compared  with  a  Clark  standard  (§  169)  and  its  correct  value 
registered.  These  dry  cells  have  an  electromotive  force  of 
1*5  volts  approximately.  A  cell  of  this  kind  is  enclosed  in  a  box, 
the  cover  of  which  is  kept  sealed  with  an  official  seal.  Included 
in  the  box  is  a  resistance  of  1144  ohms,  whose  use  is  explained 
in  the  Appendix,  and  which  also  prevents  the  cell  from  being 
accidentally  short-circuited. 

FLEMING'S  STANDARD  CELL. 

168.  This  cell,  devised  by  Dr.  J.  A.  Fleming,  is  thus 
arranged: — 

A  large  U-tube,  about  }  inch  in  diameter  and  8  inches  long  in 
the  limb,  has  four  side  tubes  (Fig.  82).  The  two  top  ones,  A  an4 
B,  lead  to  two  reservoirs  Z  and  C,  and  the  bottom  ones  C  and  D 
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are  drainage-tubes.  The  side  tubes  are  closed  by  glass  taps.  Tbe 
whole  is  mounted  on  a  vertical  board,  with  a  pair  of  test-tubes 
between  the  limbs.  The  left-hand  reservoir  S  Z  is  filled  with  a 
solution  of  sulphate  of  zinc,  and  the  right-hand  reservoir  S  G  with 
a  solution  of  sulphate  of  copper.  The  electrodes  are  zinc  and 
copper  rods,  Zn  and  Cu,  passed  through  vulcanised-rubber  corks, 
F  and  Q,  fitting  air-tight,  into  the  ends  of  the  U-tube. 

The  operation  of  filling  is  as  follows : — Open  fhe  tap  A  and  fill 
the  whole  U-tube  with  the  denser  zinc  sulphate  solution ;  then  in- 
sert the  zinc  rod  and  fit  it  tightly  by  the  rubber  cork  P.    Now,  on 

opening  the  tap  0  the  level  of  the 
liquid  will  begin  t<o  fall  in  the  right- 
hand  limb  but  be  retained  in  the 
closed  one.  As  the  level  commences 
to  sink  in  the  right-hand  limb,  by 
opening  the  tap  B  copper  sulphate 
solution  can  be  allowed  to  flow  in 
gently  to  replace  it ;  and  this  opera- 
tion can  be  so  conducted  that  the 
level  of  demarcation  of  the  two 
liquids  remains  quite  sharp,  and 
gradually  sinks  to  the  level  of  the 
tap  0.  When  this  is  the  case,  all 
taps  are  closed  and  the  copper  rod 
inserted  in  the  right-hand  limb. 

Now  it  is  impossible  to  stop  diffu- 
sion from  gradually  mixing  the  liquids 
at  the  surface  of  contact ;  but  when- 
ever the  surface  of  contact  ceases  to 
be  sharply  defined,  the  mixed  liquid 
at  the  level  of  the  tap  C  can  be  drawn 
off,  and  fresh  solutions  supplied  from 
the  reservoirs  above. 

In  this  way  it  is  possible  to  main- 
tain the  solution  pure  and  unmixed  round  the  two  electrodes  with 
very  little  trouble ;  and  the  electrodes,  when  not  in  use,  can  be 
kept  in  the  idle  cells  or  test-tubes  L  and  M,  each  in  its  own 
solution. 

The  electrodes  are  made  of  rods  of  the  purest  zinc  and  copper, 
about  4  inches  long  and  ^  inch  diameter.  The  zinc  found  most 
suitable  la  made  from  zinc  twice  distilled  and  cast  into  rods ;  the 
copper  is  prepared  by  electro-depositing  on  a  very  fine  copper 
wire,  until  a  cylinder  of  the  required  thickness  is  obtained. 


Fig.  82. 
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The  value  of  the  eleotromotiye  force  of  the  cell  depends,  to  a 
oonsiderable  extent,  npon  the  density  of  the  solutions  used.  The 
latter  should  be  as  follows : — 

For  the  zinc  solution,  dissolve  555  grammes  of  chemically  pure 
sulphate  of  zinc  in  445  grammes  of  distilled  water.  This  solution 
should  have  a  specific  gravity  of  1  '4  at  15^  C. 

For  the  copper  solution,  dissolve  83  grammes  of  chemically 
pure  sulphate  of  copper  in  417  grammes  of  distilled  water.  This 
solution  should  have  a  specific  gravity  of  1  *  1  at  15°  C. 

Especial  care  must  also  be  taken  to  lightly  electrotype  the 
copper  rod  with  a  fresh  pure  surface  of  new  copper  the  instant 
before  using.  This  is  done  in  the  small  copper  voltameter  which 
the  tube  M  forms,  using  a  single  Leclanch^  cell  for  the  purpose. 
The  pure  zinc  rod  should  be  cleaned  with  new  glass-paper.  If 
these  precautions  are  carried  out  the  electromotive  force  of  the 
cell  will  be  1*086  B.A.  volts,  which  value  will  be  correct  within 
the  ordinary  ranges  of  temperature. 

glabk's  stakdard  cell. 

169.  In  this  cell  the  electromotive  force  is  that  due  to  pure 
zinc  opposed  to  pure  mercury,  the  two  metals  being  in  a  saturated 
solution  of  mercurous  sulphate  and  zinc  sulphate  in  water. 
Actually,  the  mercury  is  covered  with  a  paste  formed  of  mer- 
curous sulphate  in  a  thoroughly  saturated  (not  m/^ersaturated) 
solution  of  zinc  sulphate,  and  the  zinc  rests  in  the  paste. 

The  best  method  of  formiog  the  paste  is,  according  to  Lord 
Bayleigh,  as  follows : — Bub  up  in  a  mortar  150  grammes  of  mer- 
curous sulphate,  5  grammes  of  zinc  carbonate,  and  use  sufficient 
zinc  sulphate  solution  (not  supersaturated)  to  make  a  thick  paste ; 
leave  the  whole  in  the  mortar  for  two  or  three  days,  occasionally 
pounding  it  up  in  order  to  allow  the  carbonic  anhydride  whidi 
forms  to  escape.  Dr.  A.  Muirhead,  who  has  had  a  very  length- 
ened experience  with  the  Clark  cells,  prefers  to  make  the  paate  as 
follows: — A  saturated  solution  of  zinc  and  mercurous  sulphates 
is  prepared  by  heating  genily  in  the  saturated  solution  of  zinc 
sulphate  a  portion  of  the  mercurous  sulphate,  adding  thereto  a 
little  free  mercury  to  preserve  the  basicity  of  the  mercurous  salt ; 
mercurous  sulphate  is  then  mixed  into  a  paste  with  the  solution  so 
prepared.  The  mercurous  sulphate  can  be  obtained  commercially ; 
but  it  may  be  prepared  by  dissolving  pure  mercury  in  excess  in 
hot  sulphuric  add  at  a  temperature  below  boiling-point.  The 
salt,  which  is  a  nearly  insoluble  white  powder,  should  be  well 


Digitized  by 


Google 


160  HANDBOOK  OF  KLECTRICAL  TESTIKO. 

washed  in  diatilled  water,  and  oare  ahonld  be  taken  to  obtain 
it  free  from  the  mercuric  sulphate  (persnlphate),  the  presence 
of  which  may  be  known  by  the  mixture  turning  yellowish  on 
the  addition  of  water.  The  careful  washing  of  the  salt  is  a  matter 
of  essential  importance,  as  the  presence  of  any  free  acid,  or  of 
persulphate,  produces  an  irregularity  in  the  electromotive  force 
of  the  cell  for  some  time  after  charging.  The  paste  (of  the 
consistence  of  cream)  is  poured  on  to  the  surface  of  the  mercury 
(which  should  have  been  distilled  in  vacuo) ;  a  piece  of  pure  sdnc 
is  then  suspended  in  the  paste,  and  the  vessel  sealed  up  with 
marine  glue  (not  paraffin  wax).  Contact  with  the  mercury  may 
be  made  by  means  of  a  platinum  wire  passing  down  -a  glass  tube 
and  dipping  below  the  surfaoe  of  the  mercury. 

fioABX)  OF  Tbadb  SpaonnoATiOH  fob  the  Pbepabatiov  of  tub  Glare  Cell. 

Definition  of  ths  CtU. 

170.  The  cell  oonsists  of  zino  and  mercury  in  a  neutral  satorftted  solution  of 
sino  sulphate  and  mercuious  sulphate  in  water,  prepared  with  mercurons  sul- 
phate in  excess,  and  is  oonTeniently  contained  in  a  cylindrical  glass  vesseL 

Preparation  of  (he  MaterialM. 

(1)  The  Meroury.'-To  secure  purity  it  should  be  first  treated  with  acid  in  the 
usual  manner,  and  subsequently  distilled  in  vacuo. 

(2)  The  Zinc. — Take  a  portion  of  a  rod  of  pure  redistilled  zinc,  solder  to  one 
end  a  piece  of  copper  wire,  clean  the  whole  with  glass  paper  or  a  steel  burnisher, 
carefully  removing  any  loose  pieces  of  the  zina  Just  before  making  up  the  cell 
dip  the  zinc  into  dilute  sulphuric  acid,  wash  with  distilled  water,  and  dry  with 
a  clean  cloth  or  filter  paper. 

(3)  The  Mereuroue  Sulphato.'-'TtLke  mercurons  sulphate,  purchased  as  pure, 
mix  with  it  a  small  quantity  of  pure  mercury,  and  wash  the  whole  thoroughly 
with  cold  distilled  water  by  agitation  in  a  bottle ;  drain  off  the  water,  and 
repeat  the  process  at  least  twice.*  After  the  last  washing,  drain  off  as  much  of 
the  water  as  possible. 

(4)  The  Zinc  Stdphate  Solution. — ^Prepare  a  notUral  saturated  solution  of  pure 
(**  pure  re-crystallised  ")  zinc  sulphate  by  mixing  in  a  flask  distilled  water  with 
nearly  twice  its  weight  of  crystals  of  pure  zinc  sulphate,  and  adding  zino  oxide 
in  the  proportion  of  about  2  per  cent  by  weight  of  the  zinc  sulphate  crystals  to 
neutralise  any  free  acid.*  The  crystals  should  be  dissolved  with  the  aid  of 
gentle  heat,  but  the  temperature  to  which  the  solution  is  raised  should  not 
exceed  30°  G.  Mercurons  sulphate  treated  as  described  in  (3)  should  be  added 
in  the  proportion  of  about  12  per  cent,  by  weight  of  the  zinc  sulphate  crystals  to 
neutralise  any  free  zino  oxide  remaining,  and  the  solution  filtered,  while  still 
warm,  into  a  stock  bottle.    Crystals  should  form  as  it  cools. 

(5)  The  Mercuroue  SulphcUe  and  Zino  Stdphaie  Patte. — Mix  the  washed ver« 
ourous  sulphate  with  the  zino  sulphate  solutfon,  adding  sufficient  cxystals  of 

*  See  Notes,  page  161  eteeq. 
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zinc  fulphate  from  the  stook-boUle  to  eDsure  aatoratioii,  and  a  imall  qnaniitj  of 
pare  meroory.  Shake  theae  up  well  together  to  form  a  paste  of  the  ooDsistenoe 
of  cream.  Heat  the  paate,  bat  not  above  a  temperatare  of  30°  0.  Keep  the 
paste  for  an  hoar  at  this  temperatare,  agitating  it  from  time  to  time,  then  allow 
it  to  oool ;  oontinne  to  shake  it  occasionally  while  it  is  cooling.  Crystals  of  zinc 
solphate  shoald  then  be  distinctly  visible,  and  should  be  distrlbated  throoghout 
the  mass;  if  this  is  not  the  case  add  more  crystals  from  the  stock-bottle,  and 
repeat  the  whole  prooess. 

This  method  enBores  the  formation  of  a  satanted  eolation  of  sino  and 
mercoroos  sulphates  in  water. 

Contact  is  made  with  the  meroory  by  means  of  a  platinum  wire  about  No.  22 
gauge.  This  is  protected  from  contact  with  the  other  materials  of  the  cell  by 
being  sealed  into  a  glass  tube.  The  enda  of  the  wire  project  from  the  ends  of 
the  tube ;  one  end  forms  the  terminal,  the  other  end  and  a  portion  of  the  glass 
tube  dip  into  the  mercury. 

ToSdUpiheCm. 

The  cell  may  conveniently  be  set  up  in  a  small  test-tube  of  about  2  cm. 
diameter  and  4  or  5  cm.  deep.  Place  the  mercury  in  the  bottom  of  this  tube, 
filling  it  to  a  depth  of  say  *5  cm.  Cut  a  cork  about  *d  cm.  thick  to  fit  the  tube ; 
at  one  side  of  the  cork  bore  a  hole  through  which  the  zinc  rod  can  pass  tightly ; 
at  the  other  side  bore  another  hole  for  the  glass  tube  which  covers  the  platinum 
wire;  at  the  edge  of  the  cork  cut  a  nick  through  which  the  air  can  pass  when 
the  cork  is  pushed  into  the  tube.  Wash  the  cork  thoroughly  with  warm  water, 
and  leave  it  to  soak  in  water  for  some  hours  before  use.  Pass  the  zinc  rod  about 
1  em.  through  the  cork. 

dean  the  glass  tube  and  platinum  wire  carefully,  then  heat  the  exposed  end  . 
of  the  platinum  red  hot,  and  insert  it  in  the  mercury  in  the  test-tube,  taking  care 
that  the  whole  of  the  exposed  platinum  is  covered. 

Shake  up  the  paste  and  introduce  it  without  contact  with  the  upper  part  of 
the  walls  of  the  test-tube,  filling  the  tube  above  the  mercury  to  a  depth  of  rather 
more  than  1  cm. 

Then  insert  the  cork  and  zinc  rod,  passing  the  glass  tube  through  the  hole 
prepared  for  it.  Push  the  oork  gently  down  until  its  lower  surface  is  nearly  in 
contact  with  the  liquid.  The  air  will  thus  be  nearly  all  expelled,  and  the  cell 
should  be  left  in  this  condition  for  at  least  24  hours  before  sealing,  which  should 
be  done  as  follows : — 

Melt  some  marine  glue  until  it  is  fluid  enough  to  pour  by  its  own  weight, 
and  pour  it  into  the  test-tube  above  the  cork,  using  sufficient  to  cover  completely 
the  zinc  and  soldering.  The  glass  tube  containing  the  platinum  wire  should 
project  some  way  above  the  top  of  the  marine  glue. 

The  cell  thus  set  up  may  be  mounted  in  any  desirable  manner.  It  is  con- 
venient to  arrange  the  mounting  so  that  the  cell  may  be  immersed  in  a  water- 
bath  up  to  the  level  of,  say,  the  upper  surface  of  the  oork.  Its  temperature  can 
then  be  determined  more  accurately  than  is  possible  when  the  cell  is  in  air. 

In  using  the  cell  sudden  variations  of  temperature  should  as  far  as  possible  be 
avoided. 

The  Zinc  Btdphate  Solution, — ^The  object  to  be  attained  is  the  preparation  of 
a  neutral  solution  of  pure  zinc  sulphate  saturated  with  ZaSO^.THsO. 

M 
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At  temperatnres  above  80^  0.  the  zincBolphate  may  oiystaUiae  oat  in  another 
form ;  to  avoid  this  30°  0.  shonld  be  the  np|)er  limit  of  temperature.  At  this 
temperatuxe  water  will  dlBfloWe  about  1*9  times  iti  weight  of  the  orystala.  If 
ttny  of  the  crystals  put  in  remain  undissolved  they  will  be  removed  by  the 
filtration. 

The  zinc  sulphate  should  be  free  from  iron  and  should  be  tested  before  use 
with  sulphocyanide  of  potassium  to  ascertain  that  this  condition  is  satisfied.  If 
an  appreciable  amount  of  iron  is  present  it  should  be  removed  by  the  metliod 
given  in  the  Instructions  for  setting  up  Clark's  Cells  issued  from  the  Physical 
Technical  Institute  of  Berlin,  Zeitiekrift  far  Irutrummienkundej  1893,  Heft  5. 

TliC  amount  of  zinc  oxide  required  depends  on  the  acidity  of  the  solution, 
but  2  per  cent  will,  in  all  oases  which  will  arise  in  practice  with  reasonably 
good  zinc  sulphate,  be  ample.  Another  rule  would  be  to  adil  the  zinc  oxide 
gradually  until  the  solution  became  slightly  milky.  The  solution  when  put 
into  the  cell  should  not  contain  any  free  zinc  oxide ;  if  it  does  then,  when  mixed 
with  the  meroun>UB  sulphate,  zinc  sulphate  and  mercurous  oxide  are  formed; 
the  latter  may  be  deposited  on  the  zinc  and  aiTect  the  electromotive  force  of  the 
celL  The  difficulty  is  avoided  by  adding  as  described  about  12  per  cent  of 
mercurous  sulphate  before  filtration ;  this  is  more  than  sufficient  to  combine  with 
the  whole  of  the  ziuc  oxide  originally  put  in,  if  it  all  remains  free ;  the  mer- 
ourous  oxide  formed  together  with  any  undissolved  mercurous  sulphate  is 
removed  by  the  filtration. 

The  MereurouB  Stdphaie* — The  treatment  of  the  mercurous  sulphate  has  for 
its  object  the  removal  of  any  mercuric  sulphate  which  is  often  present  as  an 
impurity. 

Mercuric  sulphate  decomposes  in  the  presence  of  water  into  an  acid  and  a 
basic  sulphate,  llie  latter  is  a  yellow  substance— turpeth  mineral — ^practically 
insoluble  in  water ;  its  presence,  at  any  rate,  in  moderate  quantities,  has  no 
effect  on  the  cell.  If,  however.  It  is  formed,  the  acid  sulphate  is  formed  aUa 
This  is  soluble  in  water,  and  the  acid  produced  affects  the  electromotive  force. 
The  object  of  the  washings  is  to  dissolve  and  remove  this  acid  sulphate,  and  for 
this  purpose  the  three  washings  described  in  the  Specification  will  in  nearly  all 
oases  suffice.  If,  however,  a  great  deal  of  the  turpeth  mineral  is  formed,  it  shows 
that  there  is  a  great  deal  of  the  acid  sulphate  present,  and  it  will  then  be  wiser 
to  obtain  a  fresh  sample  of  mercurous  sulphate  rather  than  to  try  by  repeated 
washings  to  get  rid  of  all  the  acid. 

The  free  mercury  helps  in  the  process  of  removing  the  acid,  for  the  acid 
mercuric  sulphate  attacks  it,  forming  mercurous  sulphate  and  acid  which  is 
washed  away. 

Pure  morcurous  sulphate  when  quite  free  from  acid  shows  on  repeated 
washing  a  faint  primrose  tinge,  which  is  due  to  the  formation  of  a  basic  mer- 
ourous  salt,  and  is  distinct  from  the  turpeth  mineral  or  basic  mercuric  sulphate. 
The  appearance  of  this  primrose  tint  may  be  taken  as  an  indication  of  the  fact 
that  all  the  acid  has  been  removed,  and  the  washing  may  with  advantage  be 
continued  until  this  primrose  tint  appears.  Should  large  quantities  of  this  basic 
mercurous  salt  be  formed,  the  sulphate  ihould  be  treated  as  described  in  the 
directions  already  quoted,  ZeUichri/t  fUr  Ifutrumentenkunde,  1893,  Heft  5. 

The  cell  may  be  sealed  in  a  more  permanent  manner  by  coating  the  marine 
glue,  when  it  is  set,  with  a  solution  of  sodium  silicate,  and  leaving  it  to  harden. 

If  the  sides  of  the  test-tube  above  the  cork  be  soiled  by  the  introduction  of 
the  paste,  the  marine  glue  does  not  adhere  to  the  glass;  tl^e  liquid  in  the  cell 
rises  by  capillaiy  action  between  the  glue  and  the  glass,  and  may  damage  the  cell. 
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The  form  of  the  vesflel  oontaiDing  the  cell  may  he  varied.  In  the  H  form 
derifled  hj  Lord  Bayleigh,  and  modified  by  Dr.  Kahle,  the  zino  is  replaced  by 
an  amalgam  of  10  parts  by  weight  of  zinc  to  90  of  luercnry.  The  other  materials 
should  be  prepared  as  already  described.  Contact  is  made  with  the  amalgam  in 
one  leg  of  the  cell,  and  with  the  mercnry  in  the  other,  by  means  of  platinum 
wires  sealed  through  the  glass. 


MUIRHEAD  8  DfPROYED  CLARK  STANDARD  CELL. 

171.  The  usual  forms  of  the  Clark  cell,  especially  when  newly 
set  up,  are  unsuitable  for  transport;  the  mercury,  being  free,  is 
apt  to  leave  the  platinum^ wire  contact  when  the  cell  is  inverted 
or  upset,  and  to  fall  through  the  paste  into  contact  with  the 
zinc  rod,  thereby  either  short-circuiting  the  cell  altogether  or 
destroying  the  value  of  its  electromotive  force.  To  remedy  this 
defect  Dr.  A.  Muirhead  constructs  the  cell  as  shown  by  Fig.  83. 
A  is  a  flat  closely-wound  spiral  of  platinum  wire  (shown  in 
plan  in  the  lower  part  of  the  figure),  which  has  been  coated  or 


>5'M,*-f^'' 


Fio.  83. 


Fio.  84. 


amalgamated  with  pure  mercury  either  by  boiling  it  in  the  latter 
or  by  dipping  the  spiral,  when  heated  red-hot,  into  mercury; 
the  continuation  of  the  wire  is  sealed  into  the  glass  cell,  forming 
the  outer  connection.  Zn  is  a  rod  of  pure  zinc  supported  by  a 
cork,  c,  covered  with  cement.  Inside  the  cell  is  placed  the  paste, 
p,  composed  of  pure  mercurous  sulphate  and  a  saturated  solution 
of  pure  zinc  sulphate. 

Fig.  84  shows  a  very  compact  and  useful  form  of  this  standard. 
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The  four  terminals  belong  to  two  entirely  distinct  cells,  the 
advantage  being  that  the  two  cells  may  be  used  as  a  check  one 
npon  the  other.  A  thermometer  is  contained  within  the  box,  and 
the  stem,  being  bent  at  right  angles,  lies  in  a  groove  across  the 
top  of  the  case.  By  this  thermometer  the  temperature  at  the  time 
of  the  reading  can  be  ascertained. 

172.  The  electromotive  force  of  the  Clark  standard  cells  is, 
according  to  determinations  by  Lord  Rayleigh,  1"434  S*  volts  at 
15°  C.  The  effect  of  change  of  temperature  is  to  change  the  value 
of  the  force  about  '077  per  cent  per  degree  C,  that  is  to  say,  the 
electromotive  force  at  a  temperature  of  f  C.  is 

1-434  {1  -  -00077  (f  -  16)}  volts. 

The  following  table  shows  the  electromotive  force  at  various 
temperatures  calculated  from  the  foregoing  formula : — 


Temp. 

S.  VolU. 

Temp. 
°C. 

S.  VoltB. 

1 
T(>mp. 

8.  Volts. 

0 

1-451 

11 

1-438 

22 

1-426 

1 

1-449 

12 

1-437 

23 

1-425 

2 

1-448 

13 

1-436 

24 

1-424 

8 

1-447 

14 

1-435 

25 

1-423 

4 

1-446 

15 

1-434 

26 

1-422 

5 

1-445 

16 

1-433 

27 

1  421 

6 

1-444 

17 

1-432 

28 

1-420 

7 

1-443 

18 

1-481 

29 

1-419 

8 

1-442 

19 

1-430 

.30 

1-417 

9 

1-441 

20 

1-429 

81 

1-416 

10 

1-440 

21 

1-427 

32 

1 

1-415 

173.  In  order  that  the  force  in  the  Clark  cells  may  preserve 
its  value,  constant  care  must  be  taken  that  the  cells  are  not 
worked  through  a  low  resistance.  It  is  necessary,  therefore,  in 
employing  them,  to  take  care  that  they  are  only  used  in  circuits 
of  a  very  high  resistance,  or  for  charging  a  condenser,  or  are 
balanced  by  a  second  battery,  as  in  Clark's  electromotiye  force  test 
(see  Index). 


Cabhart's  Standard  Cell. 

174.  In  this  cell  zinc  chloride  and  mercurous  chloride  (calomel) 
fake  the  place  of  the  zinc  sulphate  and  mercurous  sulphate  used  in 
the  Clark  cell.     By  adjusting  the  concentration  of  the  solution 


*  Standard,  or  Board  of  Trade,  volts. 
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Professor  Garhart  has  been  able  to  obtain  a  oell  which  gives 
almost  exactly  1  volt  electromotive  force  (I'OOOS  to  I'OOll  volts 
at  20°  C),  and  the  temperature  coefficient  of  which  is  almost 
negligible,  being  about  one-eighth  that  of  the  normal  Clark  celL* 


Electromotive  Force  Measurements. 

176.  To  measure  the  electromotive  force  of  a  battery,  we  have 
to  compare  it  with  a  standard  of  one  or  more  cells,  and  having 
thus  ascertained  the  relative  values  of  the  two,  the  electromotive 
force  of  the  battery,  in  volts,  is  obtained  by  an  ordinary  pro- 
portion sum. 

For  example. 

The  relative  electromotive  forces  of  a  battery  and  three 
standard  Daniell  cells  were  found  to  be  as  1  •  25  to  1 ;  what  was 
the  electromotive  force,  in  volts,  of  the  battery  ? 


therefore 


1-26:1::3  X  l-079:a; 
1  X  3  X  1-079 


1-25 


=  2-69  volts. 


Equal  Besistance  Method. 

176.  Let  there  be  two  batteries,  whose  electromotive  forces  E^ 
and  Ej  are  to  be  compared.  Join  up  battery  E^  with  a  tan- 
gent galvanometer  and  resistance  in  simple  circuit,  as  shown  by 
Fig.  76  (page  135).  All  the  plugs  between  A  and  C  being  inserted, 
the  infinity  plug  between  A  and  D  being  removed,  and  the  con- 
nections being  made,  depress  the  right-hand  key,  and  remove  a 
sufficient  number  of  plugs  from  between  D  and  E  to  obtain  a 
convenient  deflection  on,  say,  the  tangent  scale  of  the  galvano- 
meter. Note  this  deflection— let  it  be  d^  divisions ;  and  also  note 
the  total  resistance  (R)  in  circuit — that  is,  the  resistance  between 
D  and  E,  plus  the  resistance  of  the  galvanometer,  plus  the 
resistance  of  the  battery  (which  must  be  determined  beforehand). 
Now  remove  battery  E^  and  insert  battery  Eg  in  its  place,  and  if 
this  battery  has  a  different  resistance  to  E^,  readjust  between  D 
and  E  so  that  total  resistance  in  circuit  is  the  same  as  it  was  at 
first!    Again  note  the  deflection  of  the  galvanometer  needle— let 

*  •Electrical  Review,'  December  18th,  1896. 
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it  be  d,  divisions.  Then  if  G^  be  the  current  producing  the 
deflection  ^j,  and  C,  the  cnrrent  producing  the  deflection  d^  we 
must  have  by  Ohm's  law  (§  2,  page  1), 

C,  =  |S    and,    C,  =  §, 
therefore 

or  since  di  and  cZ,  are  directly  proportional  to  C^  and  C^  we  mnst 
have 

Ex  •  ^2 '  *  ^1  *  ^r 

For  example. 

With  a  tangent  galvanometer,  whose  resistance  was  100  ohms, 
and  battery  E^,  whose  resistance  was  70  ohms,  we  obtained,  with 
a  resistance  of  1830  ohms  (total,  100  +  70  +  1830  =  2000),  in 
the  resistance  box,  a  deflection  of  50  divisions  on  the  tangent 
scale  of  the  galvanometer ;  and  with  battery  £,'  vbose  resistance 
was  50  ohms,  we  obtained,  with  a  resistance  of  1850  ohms  (total, 
100  4.  50  +  1850  =  2000,  as  before),  in  the  resistance  box,  a 
deflection  of  40  divisions ;  then 

Ei:Ea::50:40, 
or  as 

1-25  to  1. 

If  the  deflections  are  read  on  the  degrees  scale  of  the  tangent 
galvanometer,  then  di  and  d2  must  be  the  tangents  of  the 
deflections. 

In  cases  where  the  resistance  of  the  batteries  whose  electro- 
motive forces  are  to  be  compared  are  very  small,  we  may,  by 
using  a  very  high  resistance,  practically  regard  the  total  resist- 
ance in  circuit  as  being  the  same,  whatever  battery  we  use.  The 
deflections  then  obtained  with  any  number  of  different  batteries 
will  represent  their  comparative  electromotive  'forces.  The 
galvanometer  will,  in  this  case,  of  course  have  to  be  one  with  a 
high  figure  of  merit  (page  85). 

177.  The  **Best  conditions  for  making  the  test,''  and  the 
^  Possible  degree  of  aocaracy  attainable,"  are  almost  obvious ; 
they  are 

Beat  Conditions  for  making  the  Test, 
Make  the  resistances  in  the  circuits  as  high  as  possible. 
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Passible  Degree  of  Accuracy  attainable. 

If  we  can  be  certain  of  the  value  of  the  two  deflections  to 
accuracies  of  ^i  and  S',  per  cent,  respectively,  then  we  can  be 
certain  of  the  relative  values  of  the  two  electromotive  forces  to 
accuracy  of  8'i  +  S'j  per  cent. 

Eqdal  Deflection  Method. 

178.  Join  up  as  in  last  method,  and  having  noted  the  defleo- 
tion  and  total  resistance  in  circuit  (R^)  with  battery  E^,  remove 
it  and  insert  battery  E,  in  its  place.  Now  readjust  resistance 
between  D  and  E,  until  the  deflection  of  the  galvanometer  needle 
becomes  the  same  as  it  was  at  first.  Note  the  resistanoe  in 
circuit  (Rj) ;  then  calling  0  the  current, 

C  =  |.    and,    C»|, 

that  is 

Ej :  Ej : :  R^ :  R^* 

or  the  electromotive  forces  of  the  batteries  are  directly  as  the 
total  resistances  that  are  in  circuit  with  the  respective  batteries. 

For  example. 

With  a  galvanometer  whose  resistanoe  was  100  ohms,  and  a 
battery  E^  whose  resistance  was  50  ohms,  we  obtained,  with  a 
resistance  of  2350  ohms  (total,  100  +  50  +  2350  =  2500),  in 
the  resistance  box,  a  deflection  of  40°;  and  with  a  battery  E^, 
whose  resistance  was  70  ohms,  it  was  necessary,  in  order  to  bring 
the  galvanometer  needle  again  to  40°,  to  have  a  resistauoe  of 
1830  ohms  (total,  100  +  70  +  1830  =  2000),  in  the  resistance 
box;  then 

El :  Ej : :  2500 :  2000, 
or  as 

5  to  4. 

An  advantage  in  this  test  is  that  it  can  be  made  with  a  gal- 
vanometer the  relative  values  of  whose  deflections  are  unknown. 

The 

Beet  Conditions  for  making  ike  Test 
and  the 

Possible  Degree  of  Accuracy  attainable 

are  the  same  as  in  the  last  test. 


Digitized  by  VjOOQ  IC 


168  HANDBOOK  OF  ELECTRICAL  TESTING. 

WlXDEMANN*S  METHOD. 

179.  In  Fig.  76  (page  135)  join  the  zinc  pole  of  battery  E^  to 
D,  as  shown,  and  the  other  pole  to  the  zino  pole  of  battery  £,, 
whose  other  pole  in  turn  is  to  be  joined  to  C.  Adjust  the 
resistanoe  so  as  to  obtain  a  high  deflection  on  the  tangent  scale  of 
the  galvanometer.  Let  the  current  producing  this  deflection  be 
C :  then 

C-— ^— , 

where  B  is  the  total  resistance  in  the  circuit.  Now  reverse 
battery  E,  (the  weaker  one)  so  that  the  two  batteries  oppose  one 
another — we  shall  then  get  a  smaller  deflection  due  to  a  current 
C^;  then 

p  _  El  -  E, 

From  these  two  equations  we  get 

EiO-E,C  =  EjO,  +  E,C^ 
that  is, 

Ei:Ea::C  +  C,:C-C^ 

or,  substituting  deflections  d,  d^,  for  current  strengths  C,  0^, 
E^:'E^::d  +  d,:d'-d^. 
FarewampU. 

Two  batteries  E^  and  E,  being  joined  up  together  in  simple 
oircuit,  we  obtained,  by  adjusting  the  resistance  in  the  resistanoe 
box,  a  deflection  of  72  divisions  (<2)  on  the  tangent  scale  of  the 
galvanometer;  and  with  the  same  resistance  in  circuit  we 
obtained,  on  reversing  battery  Ej,  a  deflection  of  8  divisions  (d^) ; 
then 

Ei{Ea::72  +  8:72-8, 
::     80     :      64, 
or  as 

1-25  to  1. 

If  the  deflections  are  read  on  the  degrees  scale  of  a  tangent 
galvanometer,  then  d  and  d^  must  be  the  tangents  of  the  deflections. 

180.  In  order  to  make  the  test  as  accurately  as  possible  under 
the  last  conditions,  the  resistance  in  the  circuit  should  be  so 
adjusted  that  the  two  deflections  make  approximately  equal 
angles  on  opposite  sides  of  46°  (§  36,  page  30).  The  more  re- 
sistance it  is  possible  to  place  in  the  circuit  of  the  batteries  the 
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better,  since  the  tendency  of  the  latter  to  polarise  is  thereby 
reduced  to  a  minimum. 

181.  Wiedemann's  method  is  a  very  satisfactory  one  since  it 
is  absolutely  independent  of  the  resistance  of  the  two  batteries; 
thus  one  battery  might  have  a  resistance  of  a  fraction  of  an  ohm 
only  and  the  other  i^  re>istance  of  several  thousand  ohms,  yet 
this  would  in  no  way  a£fect  the  correctness  of  the  results,  but  to 
avoid  errors  due  to  polarisation  it  is  necessary  with  some  batteries 
to  include  several  tiiousand  ohms  in  the  circuit ;  if  the  galvano- 
meter used  be  one  with  a  high  figure  of  merit  (page  85)  this  can 
always  be  done. 

182.  The  ^Possiblo  degree  of  acomracy  attRiDable"  in  making  the  teat  is 
greatly  dependent  upon  the  relative  values  of  the  two  electromotive  forces.  Let 
us  first  suppose  that  the  deflections  are  read  in  dtvisions,  and  let  us  suppose  that 
there  is  a  possible  error  8  in  both  deflections.  Now  if  we  take  both  errors  to  be 
of  similar  signs,  then  we  should  have  a  total  absolute  error  of  2  8  in  the  quantity 
(d  +  d,),  but  if  one  error  were  plus  and  the  other  minus,  then  we  should  have  a 
total  absolute  error  of  2  8  in  the  quantity  (d  ~  d,).  But  the  latter  quantity  must 
be  smaller  than  (d  +  d^\  therefore  an  absolute  error  2  8  in  its  value  must 
r^resent  a  greater  percentage  error  in  the  relative  values  of  E|  and  E,  than- 
would  be  the  case  if  the  same  absolute  error  were  in  (d  +  d«)>  As  we  must  assume 
the  resultant  error  to  be  the  greatest  jMinNa,  we  must  therefore  take  the  error  2  8 
to  be  in  the  quantity  (d  —  dj. 

E 
Let,  then,  A  be  the  Srror  in  the  relative  values  of  E|  and  E„  that  Is  in  -^ 

E, 

caused  by,  say,  an  error  8  in  (2,  and  an  error  —  8  in  d^,  then  we  have 


therefore 


B,         _  (d  +  8)  +  (d,  -  8)  _       d  +  d, 
B,  "  ^  -  (d  +  8;  -  (d,  -  «)  -  d  -  d,  +  2  8  • 


_  h  d  +  d,       _  d  +  d,  d  +  d,  _ 

^~i!:,""d-d,  +  2d~d-d,~d-  dj  +  2  8 

28(d  +  d,)  _ 

=  (d  +  d.)(d-d,  +  28)' 

or  since  2  8  is  very  small  we  may  say 

2^8(d  +  d,) 
^  -    (d  -  d,)»  • 

If  we  put  the  percentage  for  the  absolute  value  of  \,  that  is,  if  we  have 

A  =  -^of®»-3'  ^^  +  ^s 
100     E,- 100^  d-d/ 


then  we  get 
that  is  to  say 


X'       dj{-d,  _  2  8  (d  +  d,) 
100^  d-d,-    {d^d,/* 


id  -  d,/ 
-'=d^/  [A] 
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For  taaa.m'pU. 

In  the  example  given  on  page  168  the  defleotions  oould  eaoh  be  read  to  an 
aoonraoy  of  i  of  a  diyiaion;  what  was  the  degree  of  aconiacy  with  which 

the  Talne  of  =^  could  be  determined  ? 

,      2xiXl00         ^^ 
^  =      72-8      =  •  78  per  cenL 

If  d,  in  small  compared  with  d,  then 

^       d 

We  can  see  from  equation  [A]  that  nnleea  d,  la  small  compared  with  d,  the  aoon- 
raoy with  which  the  test  can  be  made  will  be  but  small ;  for  if  d,  approaches  in 
▼alne  to  d,  then  d  —  d,  becomes  rery.  small,  that  is  x'  becomes  large.  In  order 
that  d,  may  be  as  much  smaller  than  d  as  possible,  E,  and  £,  must  be  as  nearly 
equal  as  possible ;  the  test  therefore  will  not  be  a  satisfactory  one  unless  such  is 
the  case. 

If  d,  is  small  compared*  with  d,  then 

2  5100. 


A  = 


d 


or  if  we  put  the  percentage  instead  of  the  absolnte  value  of  <,  that  is  if  we  have 
then  we  get 


^  =  i^^^* 


^  =  28*, 

•0  that  under  the  best  oonditioos  for  making  the  test  the  accuracy  with  which 

the  value  of  =t^  could  be  determined  would  be  but  one-half  the  accuracy  with 

which  the  higher  deflection  oould  be  observed. 

188.  To  determine  the  degree  of  accuracy  attainable  in  the  case  where  the 
readings  are  made  from  the  daqnu  scale  of  a  tangent  galvanometer,  we  must  in 
the  preceding  investigation  substitute  tangents  for  divisions  of  deflections.  Thus 
we  have 

B,         _  tan(d°  +  Q  +  tan(d°  +  8^) 
E, ""  ^  -  tan Cd°  +  ««)  -  tan(d,°  +  «<>)' 
or 

tan dQ  +  tan d^      tan(d*^  +  «*')  +  tan(d,°  -  ««) 
-  tand«>  -  tand,°  ""  tan(d°  +  «°)  -  tancd,°  ->)* 

If  in  this  equation  we  put 

tan  d  +  tan  8^ 

and  I 

X     ,*>      *«x       tan  d°  — tan  J*' 
tan(d^-n  =  i  +  tand<>umg^' 

we  get 

_  2tan5*>[(tan  d° -f- tan  d,°)(l  -ftand°  tan  d,°)  +  X] 
^  "  (tan  d°  -  tan  d,°)  (tau  d°  -  tan  d,°  +  Y) 
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where  X  and  Y  aie  a  number  of  factors  of  tan  99.   Bnt  aince  tan  8^  is  rery  smally 
we  may  put  X  and  T  equal  to  0,  in  which  case  we  have 

2  tan  8°  (tan  dP  +  tan  d,°)      1  +  tan  d°  tan  d,° 
^  -•  tand<^  -  tand,®         ^   tand°  -  tan  d/* 

__  2  tan  y  (tan  d°  + tan  (!,<>)  1 

tand<^-tand,«>         ^  tan  (cT^  -  d,°) ' 

If  we  put  the  percentage  for  the  absolute  value  of  A,  that  is,  if  we  have 

A  -  i^    f  ?1      A'       tan  <l°  +  tan  d,o 
100  **' E,  =  10d^tan(i'>-.tand,<>' 

2tan«*>100  .... 

^  =tan(d°-d,°)-  tBJ 

For  example. 

In  comparing  the  electromotive  forces  of  two  batteries  by  Wiedemann's 

method,  the  deflections  obtained  on  the  degrees  scale  of  a  taDgent  galvanometer 

were  71°  and  18°  respectively;  what  were  the  relative  electromotive  forces  of 

the  batteries,  and  what  would  have  been  the  degree  of  accuracy  with  which  the 

E 
value  of  =r  could  be  determined  ?    The  value  of  the  deflections  could  be  read  to 

!£, 

an  aoouracy  of  }°. 

Bi :  B, ::  tan  71°  +  tan  18°  :  tan  71°  -  tan  18°, 
or  as 

2*9042  +  -8249    to    2-9042  -  -8249, 

1-25    to    1; 


that  is,  as 
also 


2  X  tan  i°j<  100  _  2  x  '4368 
tan(71°-18°)   "     1-8270 


^'-  tan ^71©  -  IRO^   -     1*8270     -'65 percent. 


Like  equation  [A]  (page  169),  equation  [B]  shows  that  unless  (2«°  is  small  com- 
pared with  d°,  the  test  cannot  be  made  with  a  high  degree  of  accuracy. 
To  sum  up,  then,  we  have 


Best  CondiUonsfor  making  ike  Teet. 

184.  To  obtain  satisfaotoTy  reenlts,  E^  and  E,  should  be  as 
nearly  as  possible  eqnal. 

As  much  resistance  should  be  included  in  the  circuit  as 
possible. 

If  the  readings  are  made  on  the  degrees  scale  of  a  tangent 
galvanometer,  then  the  resistance  in  circuit  should  be  so  adjusted 
that  the  deflections,  as  nearly  as  possible,  make  equal  angles  on 
opposite  sides  of  45''  (§  36,  page  30). 
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Postible  Degreei  of  Accuracy  attainable. 
When  the  readings  are  in  divtriana^  then 


Peioentage  of  accuracy  = 


where  ^  is  the  smallest  fraction  of  a  division  to  which  the  de- 
flections can  be  read. 

When  the  readings  are  in  degrees  on  a  tangent  galvanometer, 
then 

•D«^  *         ^  2taniM00 

Percentage  of  aoouraoj  = 5 

^  "^       tan  (d'  -  d;) 

where  ^°  is  the  smallest  fraction  of  a  degree  to  which  the  deflec- 
tions can  be  read. 

Kempe's  Method. 

185.  This  is  merely  a  particular  way  of  carrying  out 
Wiedemann's  method,  and  is  useful  when  very  small  diflerences 
of  electromotive  force  have  to  be  measured. 


r^W 


-Qy 


'[-•In 


U0J 

kjuuulJ 


Fio.  85. 


S 
Fig.  86. 


The  cells  to  be  compared  are  first  joined  up  in  opposition,  as 
shown  by  Fig.  85,  through  a  Thomson  galvanometer,  g^  and  the 
deflection,  d^  which  is  due  to  the  diflerence  in  force  between  the 
two  cells,  is  noted.  One  of  the  cells,  say  Bj,  is  now  reversed 
(Fig.  86),  and,  in  order  to  keep  the  deflection  within  the  range  of 
the  scale,  the  galvanometer,  ^,  is  shunted  with  a  shunt,  «,  a  com- 
pensating resistance  (§  84,  page  89)  r,  of  the  value  necessary  to 
keep  the  resistance  of  the  circuit  unaltered,  being  inserted  at  the 
same  time ;  the  deflection,  d,  is  then  noted,  and  we  have 


El  _  nd  +  d^ 


E. 


nd-d: 


[A] 


where  n  is  the  multiijlying  power  of  the  shui^t. 
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The  great  point  in  this  method  of  testing  is  the  high  degree  of 
accnracy  with  which  the  relative  values  of  E^  and  Ej  (when  they 
do  not  differ  materiallj),  can  be  determined. 

For  example. 

Supposing  the  deflection  obtained  in  the  case  of  Fig.  85,  to  be 
1  division  and  in  the  case  of  Fig.  86,  to  be  200  x  1000  =  200,000 
(a  result  which  would  be  obtained  with  a  galvanometer  of  6000 
ohms  resistance  if  the  adjustment  of  the  instrument  were  such 

that  one  cell  through   10,000  ohms  with  the  ——   shunt  gave 

50  divisions),  then 

Ei_  20^000  +  1  _ 

E;  -  200,000  -  1  -  ^  ^^^' 

i.e.  a  difference  of  1  in  100,000. 

It  might  be  objected  that  when  the  cells  are  joined  up  as  shown 
by  Fig.  86,  their  electromotive  forces  would  run  down,  this,  how- 
ever, is  not  of  material  consequence  (even  if  it  could  take  place  to 
any  marked  extent  with  a  galvanometer  which  has  a  resistance 
of  5000  ohms  or  more),  for  a  fall  in  force  of  say  one  per  cent,  under 
these  conditions  would  only  mean  an  error  of  one  per  cent,  in  the 
value  which  in  the  above  example  is  expressed  by  *  00001,  and  not 
that  percentage  of  error  in  the  value  expressed  by  1-00001. 

As  the  chief  value  of  the  method  is  to  determine  small 
differences  of  force,  we  may  simplify  equation  [A]  in  the  following 
manner : — 

Since  [A]  is  derived  from  the  equation 

El  -  Ej        d^ 


Ei  +  Ea 

»d' 

and  since  E| 

and  E, 

are 

very  nearly  equal, 

80 

that  in  the  denomi- 

nator  of  the  fraction 

we 

may  put  Ej 

.  =  E„ 

therefore 

we  get 

B.-E, 

.   ^, 

2E2 

'  nd' 

therefore 

Ei-E, 

.2d, 

therefore 

E, 
1  — 

2d, 
nd' 

that  is, 

- 

l  =  - 

2d, 
nd- 
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Or,  if  we  prefer  to  express  the  differenoe  as  a  percentage,  then 
we  have 

si  =  100"^'' 
or 

200  d, 
nd 

thus  in  the  example  taken,  the  percentage  of  difference  between 
the  two  cells  would  be 

"'  =  Too;ooo="^*P^'~'^*' 


■Wheat8tonb:*8  Method. 

186.  The  most  elegant  method  of  comparing  the  electromotive 
forces  of  batteries  is  that  of  the  late  Sir  Charles  Wheatstone. 

Battery  E^  is  joined  up  in  single  circuit  with  a  galvanometer 
and  a  resistance ;  a  deflection  of  a^  is  obtained.  The  resistance  is 
now  increased  by  pi,  so  that  a  new  deflection,  ^,  is  produced. 

Battery  E^  is  next  joined  up  in  the  place  of  E|,  and  the  re- 
sistance in  circuit  is  adjusted  until  the  deflection  obtained  is  a°, 
as  at  first.  The  resistance  is  now  increased  by  p^y  so.  that  the 
deflection  is  reduced  to  )3°,  as  in  the  first  instance. 

Now  from  the  "Equal  resistance  method"  (page  166),  we  see 
that  the  total  rosiEtances,  B|  and  B,,  in  circuit,  which  were 
required  in  the  two  cases  to  bring  the  deflections  to  a^,  must  be 
in  direct  proportion  to  the  electromotive  forces,  E^,  E,,  of  the  two 
batteries.  Also  the  total  resistances,  B^  4~  f  i>  cm^  ^  +  Pa«  ^^ 
circuit  which  were  required  in  the  two  cases  to  bring  the  deflec- 
tions to  fi^,  must  be  in  direct  proportion  to  the  electromotive 
forces,  Ep  Eg. 

We  therefore  have 

E^ :  Ej : :  B^ :  B2» 
or 

El  B2  =  E,  Bi, 
and 

El :  Ej : :  Bi  +  Pi :  Bj  +  pj, 
or 

El  Bj  +  Ej  Pa  =  Ea  Bi  +  Ej  pi  =  Ej  Bg  +  Ej  pj ; 

that  is 

El  pj  =  E,  pi, 
or 

El :  B3 : :  Pj :  pj. 
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In  fact,  the  electromotive  forces  of  the  hatteries  are  directly 
proportional  to  the  added  resistances  which,  in  both  cases,  were 
required  to  bring  the  deflections  of  the  galvanometer  needle  from 
o°  down  to  j8°. 

For  example. 

With  a  galvanometer  and  battery  E^  we  obtained,  with  a 
resistance  of  1950  ohms  in  the  resistance  box,  a  deflection  of  54°, 
and  by  adding  2000  ohms  (p^),  a  deflection  of  34°.  Battery  E, 
being  inserted  in  the  place  of  E^,  a  resistance  of  1650  ohms  was 
inserted  in  the  resistance  box,  which  brought  the  galvanometer 
needle  to  54°  as  at  first,  and  by  adding  1600  ohms  (p^),  the 
deflection  was  reduced  to  34°  as  in  the  first  instance ;  then 

El  :Ea::  2000: 1600, 
or  as 

1-25  to  1. 

187.  In  this  and  the  preceding  tests  we  have  supposed  that 
ihe  relative  electromotive  forces  of  any  two  batteries  were  being 
consirlered,  but  it  must  be  evident  that  by  noting  the  deflections, 
resistances  added,  &c.,  as  the  case  may  be,  with  any  number  of 
batteries,  their  electromotive  forces  may  all  be  compared. 

188.  We  will  new  proceed  to  determine  the  **  Best  oonditionB  for  making  the 
fbregoing  test" 

There  are  two  points  to  be  determined :  first,  what  should  be  the  resistanoes 
in  circuit  when  obaeiring  the  first  deflections,  and  second,  what  proportion  should 
the  added  resistances  bear  to  the  original  resistances  ? 

When  the  test  is  executed,  there  are  two  or  more  sets  of  observations  made, 
▼iz.  one  for  each  battery.  But  it  will  be  found,  on  examination,  that  the  pro- 
portion between  the  electromotive  forces,  tlie  original  resistances,  and  the  added 
resistances,  is  the  same  for  every  set ;  consequently,  we  have  only  to  determine 
what  relative  values  these  quantities  should  have  in  any  one  set,  then  those  in 
the  others  will  be  in  the  same  proportion. 

It  will  be  convenient  to  consider  first  what  proportion  the  added  resistance 
should  bear  to  the  original  resistance.  For  this  purpose  we  will  suppose  p,  to 
be  the  former  resistance. 

Now  p,  represents  the  electromotive  force  of  the  battery,  and  therefore  in 
order  that  the  test  may  be  made  as  accurately  as  possible,  it  is  necessary  that  we 
should  be  able  to  adjust  or  determine  the  value  of  p,  as  accurately  as  possible. 
In  order  to  obtain  the  required  value  of  p„  we  first  adjust  B|  so  as  to  obtain  the 
deflection  a^  and  then  we  increase  B,  by  p,  so  as  to  obtain  the  deflection  fiP; 
consequently,  the  accuracy  with  which  we  can  obtain  p,  must  be  dependent  upon 
the  accuracy  with  which  we  can  read  both  the  deflections,  vP  and  /3^. 

Let,  then,  the  first  deflection  (a^)  be  due  to  a  current,  Cp  then  we  have 


C|=:|i,    or,    C,B,  =  E,. 
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When  the  oorrent  ia  rednoed  to  0,  by  the  additioD  of  ^,  then  we  get 
^•  =  B,"+7j»    o^    C.Bi  +  C,f»,  rrEj.- 
O.Bi+C.p,  =C,B„ 
P.=B,(J-l). 

Kow  this  equation  is  identioal  with  equation  [F]  (page  131)  in  the  '*  Diminished 
deflection  shunt  method"  of  determining  the  resistanoe  of  a  galvanometer;  oon- 
sequently,  we  can  see  from  the  investigations  there  given,  that  p^  would  be  most 
aocumtely  obtained  if 

0,-3 


therefore 
or 


approximately ;  but  when  this  is  the  ease 
Pi 


=  BJ0,         |  =  2B,; 


that  is  to  say,  the  added  resistanoe  should  be  about  double  the  original  re- 


As  regards  the  '*  Possible  degree  of  aocuracy  attainable,"  we  can  see  from 
equation  [H]  (page  131)  in  the  test  before  referred  to,  that  the  percentage  of 
accuracy,  x',  attainable  must  be 

(O,c,  +  O,c0100» 

c.(cr-oj-p«'~^*- 

As  it  is  the  relatire  electromotive  forces  of  two  batteries  which  hare  to  be 
determined,  that  is  to  say,  the  value  of  ^,  the  percentage  of  accuracy  with  which 

the  test  can  be  made  will  be  double  the  above. 

As  regards  the  value  for  the  original  resistance  there  is  little  to  be  said.  It 
does  not  alFecl  the  accuracy  of  the  test,  except  in  so  far  as  the  power  of  adjust- 
ment is  concerned ;  this  is  evidently  made  as  favourable  as  possible  by  making 
the  resistance  as  high  as  convenient. 

We  must  have  therefore 


Bett  ConditionB  for  making  the  Test 

189.  When  making  the  observations  with  the  first  battery, 
make  the  original  resistance  as  high  as  convenient,  and  make  the 
added  resistanoe  as  nearly  as  possible  double  this. 

*  The  expreBssion  I  ^  +  O  ( g-  +  ^)  I  in  the  equation  referred  to[H]  (page  131) 

becomes  equal  to  1  when  S,  and  B  are  veiv  high ;  this  most  be  the  case  when 
equation  [B]  (page  129)  becomes  simplified  into  equation  [F]  (page  131). 
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.    Possible  Degree  of  Accunzcy  attainable. 
Wlien  the  readings  are  in  divisionSy  then 

Percentage  of  accuracy  =  "  \    T    ^ 

a  (D  —  a) 

where  i-  is  the  smallest  fraction  of  a  division  to  which  the 

deflections  can  be  read. 

If  the  deflections  are  in  degrees  on  a  tangent  galvanometer, 

then  if  we  can  read  their  values  to  an  accuracy  of  ^th  of  a  degree^ 

we  have 

^         ,  -  (tan  D°  So  +  tan  cT  80  200 

Percentage  of  accuracy  =  ^^an  cT  (tan  D^  ^  tan^ 

where 

8i  =  tan  Di*"  -  tan  D°,    and,    S,  =  tan  ii°  -  tan  (T. 

190.  Wheatstone's  test  can  be  made  with  any  form  of  galvano- 
meter, as  it  is  not  necessary  that  the  values  of  the  deflections 
in  terms  of  the  currents  producing  them  be  knowu,  except  for  the 
determination  of  the  "  Percentage  of  accuracy  attainable."  If, 
however,  the  galvanometer  be  "  calibrated  *'  (page  47),  this  per- 
centage can  be  determiued. 

Lumsden's  or  Lacoinb's  Method.* 

191.  This  is  an  excellent  method  of  determining  the  com- 
parative electromotive  forces  of  batteries.  The  principle  of  the 
arrangement  is  shown  by  Fig.  87. 

First  Method. 

The  two  batteries,  E^,  E^  are  joined  up  with  their  opposite 
poles  connected  together,  and  with  resistances  R,  p  in  their  circuit, 
as  shown  by  Fig.  87.  A  galvanometer  g  is  connected  between  the 
points  A,  B.  One  of  the  resistances,  say  p,  being  fixed,  the  other 
H,  is  adjusted  until  no  deflection  is  observed  on  the  galvanometer. 
"When  this  is  the  case  we  get  the  proportion 

?1  =  ? 

*  This  methud  was  devised  by  Mr.  D.  LrnDsden  (lute  Postal  Telegraph  Sub- 
marine Superintendent)  in  1869,  but  the  first  description  of  the  same  appears  to 
have  been  pnbli^ed  by  M.  Emile  Lacoine  (Technical  Director  of  the  Ottoman 
Telegraphs)  in  the  *  Journal  T^e'graphique '  of  Berne  for  January  25tb,  1878, 
that  gentleman  having  devised  it  independently  of  Mr.  Lumsden. 
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The  deflection,  it  should  be  remarked,  will  be  in  one  direction 
if  K  is  ttx)  large,  and  in  the  opposite  direction  if  R  is  too  small. 

192.  In  order  to  understand  why  this  is  the  case,  let  ns 
examine  the  theory  of  the  method ;  this  may  be  explained  by  the 
help  of  KirchoflTs  two  laws,*  viz. : — 

1.  The  algebraical  sum  of  the  current  itrengtha  in  aU  the  wires 
which  meet  in  a  point  is  equal  to  nothing. 

2.  The  algebraical  sum  of  all  the  products  of  the  current  strengths 
and  resistances  in  aU  the  wires  forming  an  enclosed  figure^  equals  the 
(dgebrau^  sum  of  aU  the  electromotive  forces  in  the  circuit. 


J?' 


e. 


Pio.  87. 


193.  Supposing,  at  first,  equilibrium  not  to  be  produced,  then 
we  haye  the  following  equations  connecting  the  various  current 
strengths,  resistances,  and  electromotive  forces: — 


Cj  —  c  —  Cj  =  0. 

R  Cj  +  ^  c  -  Bj  =  0. 

Prom  equation  [1]  we  get,  c^  =  C  +  C2I 

therefore 

K  (c  +  C2)  +  ^  c  -  Ej  =  0. 

From  equation  [3]  we  get 

p     ' 


[1] 

[2] 
[3] 


Co  = 


therefore 


therefore 


Rpc  +  RE2  4.R^c+p^c-pEi  =  0; 
*  For  the  proof  of  these  laws  see  Appendix. 
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therefore 


"      g(B  +  p)  +  'Rp' 

If  in  thig 
then 

equation  we 

put 

c  =  0, 

p  El  -  R  Ea  =  0, 

or 
that  is, 

El       R 
E,-    p' 

El :  E3 : :  R :  p. 

194.  Let  lis  ooDsider  what  are  the  ''Best  oonditions  for  makiDg  the  test." 
What  we  have  to  determine  is,  what  are  the  hest  yalues  to  give  to  B  and  p? 
Now,  since  £,  and  £,  are  definite  quantities,  Ihe  yalne  given  to  B  (supposing 
this  to  be  the  adjustable  resistance)  will  be  determined  bj  the  value  given  to  p ; 
we  must  therefore  determine  the  value  to  give  to  the  latter. 

The  greater  the  accuracy  with  which  we  can  adjust  B,  the  greater  will  be  the 

B, 
accuracy  with  which  we  can  determine  the  value  of  — ,  that  is,  the  relative  values 

of  El  and  E^  But  the  accuracy  with  which  we  can  adjust  B  depends  upon 
its  range  of  adjustment  being  &»  great  as  possible,  and  this  can  only  be  the  case 
when  it  has  as  high  a  value  as  possible.  Thus,  if  B  were  100  units,  we  could 
only  adjust  it  to  an  accuracy  of  1  unit  in  100,  or  1  per  cent ;  but  if  B  were 
10,000,  then  1  unit  in  10,000  represents  an  adjustment  of  ^hn  P®'  <^^t.  But  it  is 
no  use  making  B  10,000,  unless  a  change  of  1  unit  in  its  value  produces  a  per- 
ceptible deflection  of  the  galvanometer  needle. 

The  best  value  therefore  to  give  to  B  ts  t^  highett  one  in  whUk  a  change  of  1 
unit  from  its  correct  vcUue  produces  a  perceptible  defleotion  of  the  galvanometer 
needle.  Since  B  is  dependent  upon  the  value  given  to  p,  what  we  require  to 
know  is  the  highest  value  to  give  to  the  latter  quantity. 

Equation  [4]  shows  the  current,  e,  obtained  through  the  galvanometer  wlien 
equilibrium  is  not  produced.  If  in  this  equation  we  put  B  —  1  in  the  numerator 
instead  of  B  and  tben  put 

BE,  =  pEj,    or,    R  =  ^» 

we  shall  get  the  current  corresponding  to  the  change  of  1  unit  in  the  correct 
value  of  B|.    Thus 

pE,-(B-l)E,      E^ 

-  ,(B+»  +  Bp  -,(fL^«^^  +  ,)+e|i^ 


'["(•-1)-']-.^:-         ™ 


K  2 
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Pncticallj,  the  minimnm  readable  defleotion  of  a  ThomBon  galvanometer 
(which  is  the  best  to  employ  in  a  test  of  this  kind)  is  one  division,  and  the 
current  producing  this  deflection  is  the  fiqwrt  of  merit  of  the  instrument  (page 
85).  If,  therefore,  in  the  last  equation  we  pat  for  e  the  figure  of  merit  of 
the  galvanometer,  we  can  determine  the  highest  vtilae  which  can  be  given  to  />, 
Ej  and  E,  both  being  in  volU, 

If  we  wish  to  get  the  exact  value  of  p,  we  can  do  so  by  solving  the  quadratic 
equation ;  but,  practically,  we  only  require  to  get  a  rough  idea  of  what  the  value 
of  p  may  be,  and  this  we  may  obtain  by  giving  different  values  to  p,  and  trying 
which  of  them  nearly  satisfies  the  equation. 

For  example. 

Two  batteries,  whoee  electromotive  forces  E,  and  E,  were  known  to  be 
of  the  approximate  values  of  2 : 1  (E,  being  1  volt),  were  to  be  tested  by  the 
foregoing  method  with  a  Thomson  galvanometer  whose  resistance  was  5000  ohms 
(g)  and  figure  of  merit  '000,000,001.  What  was  the  highest  value  that  could  be 
given  top? 

, [5000 (1  +  1)  +  p]  =  Tooo,oO(Jo01-x  2' 
or 

p  [7500  +  p]  =  500,000,000. 

From  this  we  can  see  that  if  we  make  p  =  19,000  we  shall  be  very  nearly  right* 
for 

19,000  [7500  +  19,000]  =  503,500,000. 

With  this  value  of  p,  the  value  which  B  would  have  when  adjusted,  would  be 

B  =  p|i  =  19,000  X  I  =  38,000, 

and  with  this  value  we  could  obtain  a  degree  of  accuracy  equal  to 

5^xl00=0026peroeat 

Having  then  ascertained  the  value  to  give  to  p,  suppose  we  actually  made 
it  19,000,  and  further,  we  found  that  in  order  to  get  equilibrium  as  nearly 
as  possible,  we  had  to  adjust  B  to  86,250  ohms,  then  the  relative  values  of  E, 
and  E,  would  be 

E|  :  E,  : :  36,250  :  19,000, 
eras 

1-9089  to  1, 

and  we  know  this  is  correct  within  *0026  per  cent. 

From  equation  [A]  (page  179)  we  can  ^ee  that  e  is  greatest  when  E,  is 
larger  than  E,.  It  is  therefore  best  to  so  arrange  the  test  that  the  resistance  to 
be  adjusted  is  the  one  in  circuit  with  the  strongest  of  the  two  batteries.  Also  we 
can  see  that  the  more  the  batterits  differ  in  electromotive  force  the  better,  as  the 
greater  will  be  the  value  of  p. 

Second  Method. 

195.  If  the  batteries  consist  of  a  large  number  of  cells  of  Iiigli 
resistance,  and  also,  if  the  galvanometer  has  not  a  high  figure  of 
merit,  and  consequently  R  and  p  have  to  be  proportionately  small, 
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tHen  we  cannot  ignore  (as  in  the  previous  test)  the  redistanoes  of 
the  batteries,  and  these  must  either  be  added  on  to  R  and  p,  or 
eliminated  in  the  following  manner. 

Suppose  the  resistanoes  of  E^  and  E,  to  be  r^  and  Tj  respeo- 
tivelj,  then,  when  equilibrinm  is  produced,  we  have 


or 


BirEaiiR +  ri:p  +  ra. 
El  fa  -  Ea  ri  =  B^  R  -  E^  p.  [1] 


Now  if  we  decrease  p  to  p^,  and  again  obtain  balance  by  decreasing 
R  to  Rj,  we  get  a  second  proportion,  viz. — 

El  fj  —  Ej,  fi  ==  Ba  Ri  -El  pi-  [2] 

By  subtracting  [2]  from  [1]  we  get 

Ea  R  -  Ea  Ri  -  E^  p  +  El  pi  =  0, 

Ba(R-Ri)  =  Ei(p-pi); 
E|       R  —  Rj 


or 
that  is 


or 


^2       P  —  Pi ' 
Ei:Ea::R-Ri:p-  Pi, 


[A] 


a  proportion  in  which  differences  of  resistance  alone  appear.  In 
fact  (R  ^  Ri)  and  (p  ^  pi)  are  merely  the  resistanoeid  we  sub- 
tracted from  R  and  p,  in  order  to  get  equilibrium  a  second  time. 

For  example. 

Two  batteries  whose  electromotive  forces  Ei  and  Ea  were  to  be 
compared,  were  joined  up  in  circuit  with  a  galvanometer  and  two 
resistances,  as  shown  by  Fig.  87,  the  resistance  p  being  500  ohms ; 
in  order  to  obtain  equilibrium  R  was  adjusted  to  1050  ohms ;  p  was 
then  decreased  to  300  ohms  (p^),  and  in  order  to  again  obtain 
equilibrium,  R  had  to  be  reduced  to  630  ohms  (Ri).  What  were 
the  comparative  electromotive  forces  of  the  batteries  ? 

El :  Ea  : :  1060  -  630  :  600  -  300 

::        420        :       200 
or  as 

2-1  tol. 

196.  What  are  the  best  values  to  give  to  B|  and  p„  or  rather  to  pi,  for  the 
Talue  gireo  to  the  latter  will  determine  the  value  given  to  B^  ? 
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In  order  to  work  out  the  problem  let  us  luppoee,  in  the  equation 

B,       f>  -  p,  ' 

E 

there  is  a  email  error  a  in  =r-  oaosed  by  a  definite  error  —  ^  in  R,,  that  ie,  let 

By  sabtracting  [A]  (page  181)  from  [B]  we  get 

A  = • 

ThiB  shows  that  with  the  definite  error  ^,  A  is  as  small  as  possible  when  pi  is 
as  small  as  possible,    x  would  be  rery  great  if  pi  approached  in  value  to  p;  but 

it  would  be  small  when  p,  is  about  equal  to  L  and  but  little  less  if  p,  is  made 

rery  much  smaller  still.    Although,  therefore,  we  should  make  p|  small,  there  is 

but  little  advantage  in  making  it  very  much  smaller  than  ^ ;  in  fact,  there  is 

da 

an  actual  disadvantage,  for  when  p^  is  very  small,  Bj  Is  proportionately  small, 
and  its  range  of  adjustment  is  correspondingly  limited. 

From  equation  [A]  (page  179)  we  can  see  that  in  the  present  case  the 
currents  flowing  through  the  galvanometer  when  equilibrium  is  not  established , 
in  consequence  of  R  and  B|  being  each  1  unit  out  of  adjustment,  are 

E,         


c,  = 
and 


„^ E, 

0>.  + '0  J  [Kl +  !)+<'.+'.] 

respectively ;  and  from  these  equations  it  is  evident  that  if  Ci  is  a  perceptible 
deflection  when  B  is  1  unit  out,  c,  will  be  a  still  more  perceptible  deflection 
when  B,  is  1  unit  out,  since  B,  must  be  smaller  than  B;  consequently  the 
value  we  give  to  B,  will  not  be  limited  by  any  consideratioDS  with  regard  to  a 
perceptible  defiectiou  being,  obtained. 

As  in  the  first  test,  c,  and  o,  are  both  greatest  when  Ei  is  larger  than  E, ; 
the  batteries  should  therefore  be  so  arranged  that  this  is  the  case. 

With  regard  to  the  Posnble  degree  of  accuracy  attainable  with  this  teet,  we 
can  see  first  of  all  that  B  cannot  be  adjusted  quite  so  accurately  as  in  the  case 
where  the  resistance  of  the  batteries  was  negligible ;  we  can,  however,  ascertain 
the  exact  degree  attainable  by  putting  p  +  r,  instead  of  p  in  equation  [B] 
(page  179).  Thus,  to  take  the  example  given  on  page  179,  suppose  the  battery 
£,  had  a  resistance  of  5000  ohms  (r,)  approximately,  then  we  should  have 

0.  +  500O)  [5000(1  +  J)  4  P  +  5000]  =  .ooo.OOoloOl  X  2* 
or 

(p  +  5000)  [12,500  +  p]  =  500,000,000. 
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If  in  this  equation  we  make  p  =  14,000,  we  get 

(14,000  +  5000)  [12,500  +  14,000]  =  503,500,000, 

which  is  dose  to  the  correct  yalae.     In  other  worda,  if  p  does  not  exceed 

14,000  ohms,  we  can  be  snre  of  the  value  of  B  within  1  unit. 

E 
The  degree  of  accuracy  with  which  we  can  determine  the  value  of  =r  from 

the  equation 

E^      R  ^  R^ 

E,       f»  -  /), 

depends  upon  the  de^n^e  of  accuracy  with  which  we  can  adjust  both  R  and  R^, 
and  as  the  errors  in  either  of  them  may  be  either  4-  or  — ,  tlie  greatest  possible 
total  error  is  that  which  will  be  produced  by  a  +  error  in  R,  and  a  —  error  in 
Ri,  or  vice  versa.    Let  these  errors  be  both  1  unit,  and  let  the  corresponding  error 


B-Rj^ 


i„|box. 

then  we  have 

^i^x 

R  +  1 

-(B| 

-1) 

E,  +  ^  = 

f 

-Pi 

and 

El. 

R-R, 

therefore 

x  = 

2 

P  -  Pi        P  -  Pi 


Since  we  require  to  know  what  percentage  (x*)  of  error  this  represents,  we 
have 

^~ioo°^i;' 

or 

^i      P  —  Pi     -"^ 
To  take  the  example  we  have  just  considered,  we  see  that  the  possible  per- 
centage of  accuracy  attainable,  supposing  p,  to  equal  L  is 

2 

200       ,    «.. 
^  =  14,000  -  7000  ^  *  =  'Q^*  P^^  ^°^ 

197.  With  a  Thomson  galvanometer  of  ordinary  sensitiveness  it  is  evident 
from  the  foregoing  investigation,  that  if  we  have  two  batteries,  one  E,  having 
an  electromotive  force  of  1  volt  or  more,  and  Ej  an  electromotive  force  of  twice 
that  value  or  more,  we  can  without  difficulty  determine  their  relative  electro- 
iKotive  forces  to  an  accuracy  of,  at  least,  *015  per  cent ;  and  if  the  resistance  of 
the  batteries  be  very  low,  we  can  be  certain  of  the  accuracy  within,  say,  «003 
per  cent. 

198.  It  is  possible  to  get  a  still  greater  accuracy  by  employing  a  set  of 
resistance  coils  adjustable  to  -j^th  or  T^th  of  a  unit,  for  in  this  case  we  can 
make  both  R  and  R,  low  without  losing  the  range  of  adjustment,  whilst  by 
making  these  quantities  low  we  increase  the  value  of  the  galvanometer  defltction 
when  exact  adjustment  is  not  obtained ;  this  is  only  the.  case,  however,  when  the 
resistances  of  the  batteries  and  of  the  galvanometer  are  low. 
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We  can  eaaUy  detennine  to  what  extent  the  degree  of  aoonmcy  is  inereased 
by  using  sabmaltiples  of  the  units;  flnt  by  ascertaining  from  equation  [B] 

(page  179)  what  valae  p  can  have,  ^-  being  divided  by  10  if  B  is  adjustable  to 

^ths,  and  by  100  if  B  is  adjustable  to  ^ivths ;  and  seoond  by  working  out  the 
value  of  V  from  equation  [C]  (page  183}  which  gives  the  required  percentage  of 
accuracy. 

Of  course  when  great  accuracy  is  required,  the  test  must  be  made  by  the 
method  in  which  the  resistances  of  the  batteries  are  eliminated;  it  is  no  use 
making  the  test  by  the  first  method,  since  the  accuracy  attainable  by  having  B 
adjustable  to  -,2^th  or  -r^th  of  an  ohm  is  more  than  counterbalanced  by  the 
error  produced  by  not  taking  into  account  the  resistance  of  the  batteries. 

To  summarise  the  results  we  have  obtained,  we  have 

Best  Chnditiona  for  making  the  Test 
First  Method. 

199.  First  make  a  rough  test  to  asoertain  the  approximate 
Talues  of  El  and  Ej,  then  make  p  of  such  a  value  that 


'[K> +!!)-']= if. 


approximately,  c  being  the  figure  of  merit  of  the  galvanometer, 
and  Ex  the  stronger  of  the  two  batteries,  E^,  and  Ej  being  in 
volU. 

Second  Method. 

Make  p  of  such  a  value  that 

<'  +  '-)[«('  +  |)  +  '+-]=ifo 

approximately. 

If  B  is  adjustable  to  ^th  or  i^th  of  an  ohm,  the  right-hand 

E  *  E  * 

side  of  the  equation  should  be  = — ?— -  or  __-^—  respectively. 
^  Ej  10  c      Ej  100  c      *^  ^ 

Pi  should  be  about  equal  to  ^* 

2 

In  both  methods  E^  should  be  the  larger  of  the  two  batteries. 

Possible  Degree  of  Accuracy  attainable. 
First  Method. 
Where  resistance  of  battery  is  very  small, 

rercentage  of  accuracy  =  —  x  —  • 

P        hi 
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Second  Method, 
Percentage  of  accuracy  = 


200         Eo 
p  -  Pi       Hii 


Or,  if  pi  is  nearly  equal  to  ^» 


400      E« 
;e  of  accuracy  =  •- —  x  =r' 

p  J!ii 

200.  A  great  point  in  these  methods  of  determining  the  com- 
parative electromotive  forces  of  batteries,  lies  in  the  fact  that 
both  batteries  are  working  under  exactly  the  same  conditions; 
moreover,  if  the  resistances  B  and  p  are  high  there  is  but  little 
tendency  for  the  batteries  to  polarise.  If  one  of  the  batteries  be  a 
constant  one,  such  as  a  Daniell,  then  by  varying  the  values  of 
B  and  p  we  can  test  how  the  other  battery  behaves  when  worked 
through  different  resistances. 


Foggendorff's  Method. 

201.  In  this  method  one  battery  is  balanced  against  the  other. 
The  method  is  shown  by  Fig.  88.  In  this  figure  Bi  and  Ej  are 
the  electromotive  forces  to  be  compared.  B  and  p  are  adjustable 
resistances,  r^  and  r,  being  the  resistances  of  the  batteries.  G  is 
the  resistance  of  the  galvanometer. 


Fig.  88. 


^  '-■\ 


Before  equilibrium  is  obtained  we  have 

Ci  +  Cj  -  C3  =  0  ,  [1] 

(ri+p)ci  +  Bc3-Ei  =  0  [2] 

(ra  +  G)ca  +  Bcy-Ba  =  0  [3J 

By  substituting  the  value  of  Cj  obtained  from  equation  [1],  in 
equation  [2],  and  then  again  the  value  of  e^  obtained  from  equa- 
tion [2],  in  equation  [3],  we  shall  find  that 


.   ^ (n  +  p)  E,  -  B  (E,  -  E,) 

^^  ^  B  (r,  +  G  +  r^  +  p)  +  (r,  +  p)  (7^^ ' 


W 
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If  we  put  Cj  =  0,  we  get 

(r,  +  p)B,-B(Ei-E,)  =  0, 
or 

Ea(B  +  ri  +  p)  =  EiE; 
that  is 

El :  E,  : :  B  +  rj  +  p  :  E,  [5] 

or 

It  will  be  observed  that  in  order  to  get  the  ratio  of  E^  to  E, 
from  this  proportion,  we  must  know  'Uie  resistance  r^  of  the 
battery  E^.  If,  however,  we  decrease  p  to  pj,  and  again  get 
equilibrium  by  readjusting  B  to  Bj,  we  get  a  second  proportion, 
viz. 

El :  Ea  : :  Bi  +  rj  +  pi :  B^,  [7] 

and  by  combining  the  two  proportions,  r^  is  eliminated  in  the 
manner  shown  in  the  last  test  (page  181)  and  we  get, 

El  _  (R  -  RQ  +  (p  -  pQ 
Ej  B  ^  B^ 

or 

El  :  E/:  :  (E  -  E^)  +  (p  -  p,)  :  (E  -  E^),  [A] 

a  proportion  in  which  differences  of  resistance  alone  enter. 

For  example. 

Two  batteries  whose  electromotive  forces  E^  and  Ej  were  to 
be  compared,  were  joined  up  in  circuit  with  a  galvanometer  and 
two  resistances  as  shown  in  Fig.  88.  The  resistance  p  being 
200  ohms,  it  was  necessary  in  order  to  obtain  equilibrium  to 
adjust  E  to  500  ohms,  p  was  then  reduced  to  100  ohms  (p^), 
and  in  order  again  to  get  equilibrium  E  had  to  be  readjusted  to 
400  ohms  (El),  then 

El :  Ea : :  (500  -  400)  +  (200  -  100) :  (500  -  400) ; 
or  as 

2:1. 

202.  In  making  this  test  practically,  the  connections  with  the 
set  of  resistance  coils  shown  by  Fig.  6,  page  14  would  be  as  shown 
by  Fig.  89.  Having  depressed  the  left-hand  key,  then,  according 
to  the  example,  we  should  take  out  the  two  100  plugs  between 
A  and  C,  and  proceed  to  adjust  between  D  and  E.    This  being 
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done,  we  should  insert  one  of  tlie  100  pings  between  A  and  C  and 
readjust  the  resistance  between  D  and  E. 


<I> 


i 


V-^ 


— — I 
I 


J 


A' 


Fig.  89. 


203.  As  only  one  of  the  batteries  (the  smaller)  in  this  test 
has  its  electromotive  force  balanced,  the  other  one  should  be  a 
constant  battery,  whose  electromotive  force  does  not  fall  off  on 
being  worked  continuously,  such  as  a  DanielL 

204.  It  Ib  evident  that  the  test  can  be  made  either  by  making  p  a  fixed 
resistance  and  B  an  adjustable  one,  or  by  making  B  fixed  and  p  adjustable.  In 
order  therefore  to  determine  the  Best  conditions  for  making  the  testy  one  point  for 
consideration  will  be— should  B  or  p  be  the  adjustable  quantity? 

Now  by  a  similar  reasoning  to  that  given  in  §  194,  page  179,  we  can  see  that 
in  either  case  the  value  of  the  adjustable  resistance  should  be  the  highest  one  in 
fehich  a  change  of  1  wUt  from  its  correct  resistance  produces  a  perceptible 
deflection  of  the  galvanometer  needle. 

If  we  refer  to  equation  [6]  (page  186)  we  can  see  that  if  E|  =  2  E,  then 
fi  +  p  must  be  equal  B,  and  that  according  as  E^  is  greater  or  less  than  E,,  so 
will  r,  +  p  be  greater  or  less  than  R.  It  is  evident  that  the  larger  we  make  the 
adjustable  resistance  the  greater  will  be  the  range  of  adjustment  of  which  it  is 
capable,  therefore  for  this  reason  it  follows  that  if  E,  is  greater  than  2  E,  then 
Ti  +  p  should  be  the  resistance  in  which  the  adjustment  is  effected,  whereas  if  Ej 
is  U'ss  than  2  E,  then  B  should  be  the  adjustable  resistance. 

Now  if  B  be  the  adjustable  resistance,  tlien  inasmuch  as  the  value  which  it 
will  have  will  depend  upon  the  value  given  to  p,  therefore  we  must  determine 
the  highest  value  we  can  give  to  p. 

Equation  [4]  (page  185)  shows  the  current  e,  obtained  through  the  galvano- 
meter, when  equilibrium  is  not  produced.  If  in  this  equation  we  put  B  —  1  in 
the  numerator  instead  of  B,  and  then  put 


B,      B  +  ri  +  p 
¥,  = S ' 


01, 


E, 


^  =  ('>+^)E;ei;« 
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we  sball  get  the  current,  e„  correepoDding  to  the  change  of  1  unit  in  the  correct 
value  of  B.    Thus 

*•  -  (r,  +  P)[(r,  +  W)E,  +(r,  +p)E.y  ^  ^ 

at 

(n  +p)Kr,  +  G)B,  +  (r.  +p)EJ  =  CEi.rM\  [A] 

And  if  in  this  equation  we  make  e,  the  figure  of  merit  (page  85)  of  the  galvano- 
meter, then  the  value  of  p  which  satiafiee  the  equation  will  be  the  highest  value 
which  it  should  have ;  as  explained  in  the  last  test,  p  can  be  obtained  by  trial. 

If  p  be  the  adjustable  reeistance,  then  what  we  have  to  determine  is  the  value 
which  B  should  have.  To  do  this  we  must  put  p  +  1*  instead  of  p  in  the 
numerator  of  equation  [4]  (page  185)  and  then  put 

B,      B  +  r,  -f  p      _      ^    ,  B(E, -E,) 

k;  =  — s — »  «'•  '»  +  ^  =  — e; — ' 

we  shall  then  get  the  current  e'^  corresponding  to  the  change  of  1  unit  in  the 
current  value  of  p.    Thus 

^  ^_ E,* 

^«  -  BL(r,  +  0)E,  +  B(E,  -  E,)]' 
or 

B [(r,  +  G) Ej  +  B(E,  -  B^]  =  ^ »  TO 

from  which,  as  in  the  previous  case,  B  can  be  obtained  by  trial. 

We  have  next  to  determine  the  value  which  should  be  given  to  B,  or  to  p,. 

Let  us  in  the  first  instance  take  Bj  to  be  the  adjustable  resistance,  then  what  we 

have  to  do  is  to  find  the  proper  value  to  give  to  pi.    If,  then,  we  suppose  in  the 

equation 

E,      (B  -  BQ  +  (p  -  p,)  Vol 

E.  = B^Tr^ •  L^J 

or 

E.  =  ^  +  B^B/  *■"*■* 

B 

that  there  is  a  small  error  A.  in  =r  caused  by  a  corresponding  error  —  ^  in  B| ; 

Jfi, 

then  we  have 

E,  +  ^  =  ^  +  — B-B7~'  L*J 

By  subtracting  [8]  from  [4]  we  get 


A.= 


P  —  (Pi  —  »)  _  P-  Pi f.._.  . 

B  —  B)  K  ^  B|      B  —  B| 


but  from  [3] 

^"^>  =  (e, -E,)(^"''»^» 

*  We  put  p  +  1  in  this  case  in  preference  to  p  —  1,  simply  in  order  to  avoid 
giving  c,  a  minus  value.  The  general  result  obtamed,  however,  would  be  omilar 
whether  the  1  be  plus  or  minus. 
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therefore 

^=7 — Er"\ 

This  shows  that  with  the  definite  error  ^,  X  is  as  small  as  possible  when  pj  is  as 
small  as  possible.    X  would  be  very  great  if  pi  approaohes  in  value  to  p,  but  it 

would  be  small  when  p,  is  about  equal  to  L  and  but  little  less  if  p,  is  made  yery 

small  indeed.    As  our  range  of  adjustment  of  B,  is  limited  by  making  p^  yery 

small,  it  IB  advisable  not  to  make  it  smaller  than  ^  • 

A  similar  Lnyestigation  would  hare  proved  that  if  p,  were  the  adjustable 

R 

resistance,  then  Bj  should  be  made  small,  though  not  smaller  than  ~  • 

205.  From  equation  [1]  (page  188)  we  can  see  that  the  test  is  impossible  if 
Ej  and  E,  are  equal,  since  e,  =  0  with  any  value  we  can  give  to  the  resistances.* 
We  can  further  see  that  the  more  the  batteries  differ  in  electromotive  force  the 
better;  and  also  that  it  does  not  matter  materially  which  is  the  stronger  of  the 
two. 

206.  As  regards  the  PosstUe  degree  of  aoeurtiey  attainable,  this  depends  upon 

the  degree  of  accuracy  with  which  we  can  adjust  both  B  and  B|  (or  p  and  p^,  if 

K  and  Bj  are  the  fixed  resistances),  and  as  the  errors  in  either  of  them  may  be 

+  or  ^,  the  greatest  possible  error  is  that  which  will  be  produced  by  a  +  error 

in  B  and  a  —  error  in  B,  or  viee  vend.    Let  these  errors  be  both  1  unit,  and  let 

B, 
the  corresponding  error  in  =^  be  X,  then  we  have  from  equation  [3]  (page  188) 

®» -i_  >  -  1  -i_ ^"  ^^ 1  -i_       P'~  Pi 

E,  +  ^"^"*"B-1  -  (B,  +  1)  -  ^  +  B  -  Bj  -  2* 

and 

therefore 

.  _       P-Pi  P  ^iPi 2(p-  p,) . 

^  -  B  -  Bi  -  2  "  B  -  B,  -  (B  -  Bj  -  2)(B  -  B^)* 

or,  since  B  —  B|  is  very  large, 

2(p-pt)  _      2_      /E,  -  E,\« 
^-(B-B,)«-p-p,^  V     E,     )' 

Since  we  require  to  know  what  percentage  (X')  of  error  this  represents,  we  have 

X'      ,  E, 

^  =  ioo^^e;' 


or 


E,        200        (B,  —  E,)« 

X'  =  lOOX^  =  -V  X       FlT^* 
J!j,       P  —  Pi  Hij  is. 


*  This  Ib  not  the  case  with  Lumsdeii's  test. 
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In  the  case  where  p  and  pi  are  the  adjustable  resistanoea,  we  should  get 

.  _  P,-  fh  +_?       p-Pi  2 

^-    E-E,    "K-E, -E-E,* 

and  calling,  as  before*  \'  the  peromlage  of  error,  we  get 

200         E, 
^  =  E^^^E/ 

To  sum  up,  then,  we  have 


Best  Conditions  for  making  the  Ted, 

207.  First  make  a  rough  test  to  ascertain,  the  approximate 
values  of  E^,  Ej,  r^,  and  Tj  ;  then  if  E^  is  less  than  2  E^,  make  p 
a  fixed  resistance,  and  of  such  a  value  that 

(ri+p)[(r,  +  G)E,  +  (r,+  p)E,]  =  (A:i^    [A] 

c 

approximately. 

If  B  is  adjustable  to  ^th  of  an  ohm,  then  the  right-hand  side 
of  the  last  equation  should  be 

^—    X., 

e  being  the  figure  of  merit  of  the  galvanometer,  and  E^  and  Ej 
both  being  in  volts, 

Pi  should  be  about  equal  to  -• 

If  E|  is  greater  than  2  Ej  then  make  B  a  fixed  resistance,  and 
of  such  a  value  that 

B  t(r,  +  G)  E,  +  E  (El  -  E,)]  =  ^  [B] 

approximately. 

If  p  is  adjustable  to  >th  of  an  ohm,  then  the  right-hand  side 
of  the  last  equation  should  be 

E«      , 
e        • 

e  being  the  figure  of  merit  of  the  galvanometer,  and  E^  and  E, 
being  both  in  volts, 

B 

Bi  should  be  about  equal  to  -• 

*  S  198,  page  183. 
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Possible  Degree  of  Accurctcy  attainable. 

When  B  and  B^  are  the  adjustable  reBistanoes,  then 

■D         X         r  200     ^  (B,  -  Bo)'* 

Percentage  of  accuracy  = x       \n   tjt      5 

P  -  Pi  •'^i  ^2 

or  if  Pi  nearly  equals  ^ 

■D         ^         i^                      400  ^  (B,  -  E«)a 
Percentage  of  accuracy  = x  ^   L^    u.       • 

When  p  and  p^  are  the  adjustable  resistances,  then  | 

-n           X           r                             200  Bjg 

Percentage  of  accuracy  =  =t ^  x  ^^  > 

or  if  Bi  nearly  equals  — 

-o         X         i.  400      E- 

Percentage  of  accuracy  =  -5-  x  rr* 

208.  If  the  test  is  made  by  obtaining  the  result  from  for- 
mula [6]  (page  186),  the  resistance  r^  of  the  battery  being  very 
small,  then  it  is  not  difficult  to  see,,  from  the  investigation  given 
in  "Lumsden's  test"  (page  177)  that  when  B  is  the  adjustable 

resistance, 

100        ^T^'         "p  \2 

Percentage  of  accuracy  =  —  x       in   p  ^    * 

p  B^  B2 

Also  we  should  make  p  of  such  a  value  that 

approximately. 

When  p  is  the  adjustable  resistance,  then 

Percentage  of  accuracy  =  -^r-  x  —• 

ii        hti 

Also  we  should  make  B  of  such  a  value  that 


approximately. 


C 


Fahie's  Method  of  Measuring  Battery  Besistance. 

209.   It  may  be  pointed  out*  that  the  foregoing  test  also 
affords  a  means  of  ascertaining  the  resistance  r^,  of  the  battery 

*  See  Sabine's  '  The  Electric  Telegraph,'  p.  323. 
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E,;    thnB  from  equations  [5]  and   [7.J  (page  186)  we  can  see 
that 

B  +  ri+p:E::Ei  +  ri  +  pi:Ri; 
therefore 

El  R  +  Bi  rj  +  Bi  p  =  El  R  +  R  fi  +  R  Pi , 
therefore 

ri(R-RO  =  RiP-Bpi, 
or 

El  p  —  E  Pi . 

•^^=  e-e:  ' 

thus  if  we  take  the  example  given  on  page  186,  in  which  we  have 

El  =  400 
E  =500 
p    =  200 
Pi  =  100 . 
we  get 

(400  X  200)  -  (600  X  100)       „^    , 
••^=    SOO^rtoO ^  =  75  ohms. 

210.  A  resistance  test  made  in  this  way,  however,  would  not 
be  an  accurate  one  if  the  resistance  r^  of  the  battery  were  small 
in  comparison  with  the  resistance  p^  (which  is  in  the  same  circuit 
with  fi),  for  in  this  case  the  high  value  of  the  latter  would 
swamp,  as  it  were,  the  low  value  of  r^.  If,  however,  as  suggested 
by  Mr.  Fahie,*  we  commence  the  test  by  having  no  resistance 
at  first  in  circuit  with  the  battery  E^,  that  is  to  say,  if  we  have 
Pi,  equal  to  0,  then  we  can  obtain  more  satisfactory  results;  in 
this  case  we  get 

211.  With  regard  to  the  Best  eandilions  for  making  Ihe  tett  aooording  to 
formula  [A],  the  resiBtance  Bi  is  the  resiBtanoe  required  to  produce  halance  in  the 
first  instanue,  aud  it  can  have  but  one  valae ;  R,  however,  is  dependent  upon  p,  so 
that  what  is  required  is  the  value  which  should  be  given  to  the  latter  quantity. 
Now  from  formula  [A]  we  can  see  that  the  larger  we  make  p  the  larger  will  be 
the  value  of  B,  and  the  larger  we  make  the  latter  the  greater  will  be  its  range  of 
adjustment ;  consequently,  as  in  the  electromotive  force  test,  we  should  give  it 
the  highed  value  in  which  a  change  of  1  unit  from  iU  correct  reaietance  produoee  a 
perceptibie  deflection  of  the  galvanometer  needle ;  this  resisianoe  we  shall  obtain  by 
giving  p  such  a  value  that 


(Xx  +  P){.{U  +  G)E,  +  (n  +  p)BJ  =  - 


c 


approximateIy,t  c  being  the  figure  of  merit  of  the  galvanometer. 

•  See  *  Electrical  lieview,'  vol.  xii.  p.  203. 

♦  Equation  [A],  p.  188. 
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As  regards  the  PossihU  degree  of  cLoowracy  aJUainaUe^  this  we  shall  obtain,  as 
in  prerions  oases,  bj  supposing  tliat  there  is  an  error  of  +  1  in  R  and  an  ecror 
of  —  1  in  B„  these  errors  causing  a  corresponding  total  error  X  in  r, :  thus 

,  ^  X  -         (B«-H>P         _    (B,  +  l)p 
'i  +  ^  -  (R  -  1)  -  (R,  +  1)  -  R  -  R,  -  2* 
and  since 

RiP 
ri  =  J 

we  get 


'»  -  R  -  R, 


(Ri  +  l)p  R,P p(R  +  Ri) 

^  -  R  -  Ri  -  2  "  R  -  R,  -  (R  -  R,  -  2)  (R  -  R,)' 

or  since  R  —  R,  is  very  large,  we  may  say 

p(R  +  Ri).  rij-, 

bat 

IE,      R,  +  r,  _  R  +  p  +  r, 

i;-~R,    -      R 

or 

^»  =  E^BV    *''^    ^  =  "Kr-^E,  ' 
therefore 

»  +  »'  =  Br^<2r,+p),    and    B-B.  =  e^' 
•ad  by  sobatitiiting  ihese  Tatues  of  B  +  B,  and  B  —  Bi  in  eqnation  [B]  we  get 


Or  if  we  call  \'  the  percentage  of  error,  then 

100 


A.  =  Taa  of  'if 


,..Hi,i^(l^l),„. 


212.  The  relative  electromotive  forces  of  the  batteries,  it  may  be  pointed  ont, 
are  giyen  by  the  proportion 

B,  :E,  ::  (B -Ri) +  P  :  (B  -  R^), 

which  is  the  same  as  proportion  [A],  page  186,  except  that  p,  is  pnt  equal  to  0. 
To  sum  up,  then,  we  have 

Best  Conditions  for  making  the  Teat. 

213.  Make  p  of  sucli  value  that 

(••i  +  P)  [(»•«  +  6)  El  +  (rx  +  P)  E  J  =  ^A±1j)_« 

approximately,  c  being  the  figure  of  merit  of  the  galvanometer. 

0 
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Poss^le  Degree  of  Accuracy  attainable. 

Percentage  of  accuracy  =  —^ — -  ( -  +  -  ) 

E2      ^P      *'k 


100. 


Fahie*s  Combined  Method  of  Compabimq  Electromotive  FoRCEa 

AMD  MSASURINa   BaTTERY   BESIffTANCE. 

214.  This  is  an  extremely  ingenious  and  elegant  method,  and 
althongh  its  application  is  rather  limited  it  is  well  worth  being 
noticed.  The  arrangement  is  a  combination  of  Poggendorff*8 
method  of  comparing  electromotive  forces  (page  185)  and  Mance's 
method  of  measuring  battery  resistances  (page  143).  . 


FA}.  90. 

Beferring  to  Fig.  90,  the  following  is  the  mode  of  making 
the  test: — £  is  the  stronger  battery  whose  electromotive  force 
is  to  be  compared  with  the  battery  e,  and  whose  internal  resistance 
is  to  be  measui-ed ;  d  is  a  variable  and  a  +  5  a  slide,  resistance, 
B  being  the  slider  by  the  movement  of  which  the  ratio  of  a  to  6 
can  be  varied.  The  key  K  being  open,  the  resistance  d  is  ad- 
jasted  until  the  needle  of  the  galvanometer  shows  that  no  current 
is  passing  through  the  latter ;  when  this  is  the  case,  then,  as  in 
PoggendorfiTs  method  (page  185),  we  have 


E:e::r  +  d  +  a  +  h:a  +  h. 


[1] 


Balance  being  thus  obtained,  the  key  K  is  alternately  depressed 
and  raised  and  the  slider  B  moved  until  the  latter  is  brought  to 
such  a  position  that  the  movement  of  the  key  K  ceases  to  affect 
the  galvanometer  needle,  as  in  Mance*s  test  (page  143).  Now, 
inasmuch  as  the  batteiy  e  merely  acts  as  a  counteracting  force 
to  the  current  which  in  Mance's  test  would  cause  a  permanent 
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defleotion  of  the  galvanometer  needle,  it  must  be  evident  that 
when  the  movement  of  the  key  K  oeases  to  affect  g,  then  we  must 
have 

'■  =  y.  [2] 

or 

Substituting  this  value  of  r  +  d  in  equation  [1],  we  get 
E  :  fl  : :  ^  (a  +  5)  +  a  +  6  :  a  +  6, 


or 


E  :  e : :  d  +  2» :  6.  [3] 


Equation  [2],  therefore,  gives  the  resistance  of  the  battery  E, 
and  equation  [3]  gives  the  relative  electromotive  forces  of  the 
two  batteries. 

For  example. 

The  key  K  being  raised,  balance  was  obtained  on  the  galvano- 
meter g  by  adjusting  d  to  200  ohms.  When  the  key  K  was 
alternately  raised  and  depressed,  the  balance  on  g  was  disturbed 
until  the  slider  B  was  moved  to  the  position  at  which  h  was 
equal  to  100  ohms;  the  total  resistance  of  the  slide  resistance 
a-^-h  was  400  ohms,  that  is  to  say,  a  was  equal  to  300  ohms ; 
then 

300  X  200       ,^^   , 
r  = — =  600  ohms, 

and 

E  :  6  : :  200  4-  100 :  100, 
or  as 

3:1. 

215.  The  conditions  for  making  thia  test  so  as  to  obtain  aocnrate  resnlta  most 
evidently  be  similar  to  those  specified  in  tbe  casRs  of  PoggendoriTs  test  and 
Hance's  test  made  with  a  slide  resistance.  The  nature  of  the  method,  however, 
is  snch  that  we  cannot  obtain  the  conditions  which  are  best  for  the  Poggendorff 
test  without  impairmg  the  conditions  necessary  for  making  the  Mance  test  acou- 
ntely,  so  that  practically  we  mnst  arrange  the  resistances  so  as  to  suit  the  con- 
ditions necessary  for  making  the  latter  satisfactorily ;  at  the  same  time  it  may 
be  pointed  out  that  these  conditions  are  snch  as  to  enable  the  Poggendorff  test 
to  be  made  with  a  considerable,  though  n*  t  with  a  very  high,  degree  of  accuracy. 
As  in  the  case  of  Mance's  test  with  a  slide  wire  (page  146),  the  conditions  required 
are  that  d  shall  be  as  large  as  possible,  but  not  so  large  that  the  range  of  adjust- 
ment of  the  slider  becomes  excessively  reduced.    Now,  practically,  a  slide  resist- 

0  2 
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anoe  would  not  oonsut  of  more  than  abont  100  ooils;  oonaequently  ltd  were  of 
such  a  yalne  that  the  slider  had  to  be  set  so  that  b  was  about  10  times  as  large 
as  a  (as  would  be  the  case  when  a  slide  wire  is  used),  then  the  accuracy  with 
which  the  latter  could  be  adjusted  would  be  eztremelj  small,  being  only  about 
1  in  10,  or  10  per  cent.  To  make  the  test  satisfactorily,  thraefore,  it  would  be 
necessary  to  arrange  so  that  the  slider  would  have  to  come  near  the  centre  of  its 
tFayer8e,eTen  though  the  sensitiyeness  of  the  whole  arrangement  became  reduced 
in  consequence.  As  long,  however,  as  ntfficient  sensitiyeness  is  obtained,  that  la 
to  say,  a  sensitiyeness  such  that  a  moyement  of  the  slider  from  its  correct  position 
to  either  of  the  contiguous  coils  produces  a  perceptible  disturbance  of  the  balance, 
then  the  nearer  we  can  get  the  slider  to  the  centre  the  better.  It  would  not  do, 
however,  in  any  ease  to  pass  beyond  the  centre  point ;  for  In  this  case,  although 
the  error  made  in  a  by  the  slider  being  one  coU  out  of  adjustment  is  small,  yet 
the  error  made  in  6  becomes  comparatively  large.  Now,  in  order  that  we  may 
be  able  to  get  the  slider  near  the  centre  of  its  traverse,  it  would  be  necessary 
that  d  should  be  approximately  equal  to  r,  but  since,  in  order  to  obtain  balance 
in  the  first  instance,  we  must  have 

E:6::a  +  (  +  d  +  r:a  +  &i 
or 

E      ,.d+r 

e  a  +  b 

d  could  not  bo  made  equal  to  r  unless 

e  a+^  a+6+2r 

Now  if  E  and  e  were  both  fixed  quantities  and  were  not  of  such  relattve  values 
that  the  above  equation  held  good,  then  it  would  be  impossible  to  obtain  the 
oonditions  necessary  for  making  the  test  favourably ;  the  method  of  testing  we 
are  considering,  however,  would  usually  be  employed  for  the  purpose  of  measuring 
the  electromotive  force  of  a  battery  in  terms  of  ihe  electromotive  force  of  one  or 
more  standard  cells  whose  number  could  be  varied  to  suit  any  particular  require- 
ment ;  in  such  a  case  it  would  usually  be  possible  to  give  to  e  the  value  which 
would  enable  the  aboye  equation  to  be  satisfied.  Thus,  for  example,  suppose  the 
resistance,  r,  of  the  battery  E  were  estimated  to  be  about  100  ohms,  and  suppose 
the  slide  resistance  a  +  b  consisted  of  100  coUs  of  10  ohms  each,  that  is,  1000  ohms 
in  all,  then  we  must  have 

ElOOO  _  ElO 

1000  +  (2  X  100)  ~    12  ' 

that  is  to  say,  the  electromotive  forces  of  the  batteries  E  and  e  should  be  in  the 
proportion  of  10  to  12.  Now,  it  is  evident  that  if  E  were  a  battery  of  one  or  two 
cells  only,  then  it  would  practically  be  impossible  to  give  to  e  the  required  value ; 
but  if  E  consisted  of  a  considerable  number  of  elements,  20  or  30  for  example, 
then  there  would  be  no  difficulty  in  adjusting  0.  From  these  considerations  it 
must  be  evident  that  Fahie*8  method,  although  extremely  ingenious  and  elegant, 
and  in  some  special  cases  yery  convenient,  is  \ery  limited  in  its  application. 

216.  With  respect  to  the  PosBtble  degree  of  aecuraey  attainaMej  this  as  regards 
the  reHsianae  test  is  directly  dependent  upon  the  accuracy  with  which  we  can 
adjust  the  ratio  of  a  to  6 ;  thus  if  a  +  ^  consisted  of  100  coils,  then  if  the  ratio 
of  E  to  0  were  such  that  the  slider  when  adjusted  stood  near  the  centre  position 
of  its  traverse,  the  error  caused  by  the  slider  being  1  coil  out  of  position  would 
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be  1  in  50  in  a,  and  1  in  50  in  6,  consequently  the  total  error  would  be  1  in  25, 

or  4  per  cent    With  n  coils,  in  fact,  the  PotntiU  degree  of  (Msowacy  aUainabl& 

, , ,    ,  .   n        100  X  4  ^,  ^. 

would  be  1  in  -,  or, P«r  c«nt» 

4  W 

To  determine  the  degree  of  accuracy  attainable  in  the  electromotive  force  test, 
we  must  suppose  that  d  is  1  unit,  and  6  1  ooil,  out  of  adjustment.    If  we  call  K 

E 
the  error  caused  in  -,  then  we  must  have 

E  .  .  _  -   .      d+1        ^^     .  -.  1   .      d  +  1         E . 
-  +  X  =  1  + — _- ,    or,    X  =  1  + ^-r  -  - ; 

^n    '  fi 

and  since 

6=^  +  5' 
we  get 

A  =  1  +     ^  +  ^         1      '^  =  ft(w  +  d)-f  ad 
6«eJL?"     "^      6[6(n-l)-a]' 
n 

If  V  be  the  jpercento^a  of  error,  then  we  have 

X  =  ^of5,    or,    X'  =  100X-J-   ; 
100       e'  6  +  r 

therefore 

,^  I00[b(n  +  d)  +  ad] 
(6  +  r)[6(n-l)-a]' 

If  the  test  is  made  under  the  best  conditions,  that  is,  if  we  have  a  =  b,  and 
d  =  r,  approximately,  then  we  get 

^         100[6(n  +  r)  +  &r]   ^    100(n4-2r) 
(6  +  r)[6(n  -  1)  -  6]      (6  +  r)(n  -  2)' 

or  since  n  is  large,  we  may  say 

. ,  _  100(n  +  2r) 
""  -     «(6  +  r)   • 

In  determining  the  relative  electromotive  forces,  E  and  0,  of  two  batteries  by 
Fahie's  method,  the  resistance,  r,  of  E  being  approximately  100  ohms,  a  slide 
resistance  having  100  coils  (n)  of  10  ohms  each  ^sa  employed.  What  was  the 
gnatett  poutbie  degree  of  accuracy  attainable  ? 

,^100[100  +  (2X100)]^  ^^^^^ 

^  100(500  +  100)  tl^cen*. 

To  sum  up,  then,  we  have 

Best  Conditions  for  making  ike  Test. 

217.  Make 

^    E  (g  +  6) 

approximately,  r  being  the  approximate  resbtance  of  the  l)attery 
E. 
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Poanble  Degree  of  Accuracy  attainable. 

Percentage  of  accuracy  =  (fc  ^.V)[6(n  -  l)  -  a]' 

If  a  =:  6,  and  d  =  r,  and  n  is  large,  then 

100  (n  +  2  r) 
Percentage  of  accuracy  =  —    /^  ,     c-^, 

n  in  both  cases  being  the  number  of  coils  of  which  the  slide  resist- 
ance is  composed. 

218.  It  may  be  as  well  to  point  out  that  Fahie's  test  cannot  be 
made  (except  under  very  exceptional  circumstances,  rarely  met  with 
in  practice)  with  a  slide  toire ;  for,  as  a  rule,  the  latter  has  such 
an  extremely  low  resistance  that  it  would  be  impossible  to  obtain 
equilibrium  in  the  first  instance ;  the  proportion  which  is  necessary 

E:e::r  +  d  +  a  +  &'*a  +  6, 

for  equilibrium,  could  not,  in  fact,  be  satisfied  unless  the  resist- 
ance of  the  battery  E  and  the  resistance  d  were  both  extremely 
small;  in  which  case,  moreover,  the  latter  would  have  to  be 
adju9table  to  a  very  small  fraction  of  an  ohm. 


Neoreau's  METHOa 

219.  This  method,  devised  by  M.  D.  Negreau,  is  shown  by 
Fig.  91.  The  arrangement  consists  in  adjusting  the  resistances 
B  and  p  (these  resistances  including  the  resistances  of  the  batteries 
and  of  the  galvanometer)  until  the  galvanometer  deflection  remains 
unaltered  when  the  key  is  raised  or  depressed. 

Assuming  first  that  the  key  is  raised,  then  the  current  through 
the  galvanometer  is 

E.  +  E» 
E+P  • 

if,  now,   the  key  is  depressed,  then  the  current   through  the 
galvanometer  is 

P' 
and  if  the  currents  in  the  two  cases  are  the  same,  then 

E,  +  E,      E, 
B  +  P   "   p' 
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therefore 
or 
that  ia 


El  p  =  Ej  B, 
E^  :  Ej  : :  H  :  p. 


[A] 


220.  As  regards  the  ''Best  conditions  for  making  the  test," 
this  would  be  considered  in  the  same  way  as  the  investigation  in 
the  case  of  Thomson's  method  of  measuring  galvanometer  resist- 
ance (page  115). 


Fig.  91. 


Let,  then,  C^  and  C,  be  the  currents  which  are  obtained, 
respectively,  when  key  is  raised  and  depressed  and  when  balance 
is  not  obtained,  and  let  0  be  the  current  when  the  balance  is 
correct.    Then  if  B^  be  the  incorrect  value  of  B,  we  have 


Ei  +  X 


or 
and 


E^Bi  =Eip  +  pX, 

Ej     E^  +  Eg      Eg  Bi  ~  E^  p 

C2-Ci-  p"""Rrrp  -  p(Ri+p) 
p~  p 

_  Ea B|  -  El  p      E,  p  +  p X  -  E^  p  _         P>-  _ 
■  Ea(Bi  +  p)   -        E,(Ki  +  p)       "  E,(B  +  p) 

(since  Bj  and  B  are  very  nearly  the  same) 

*  X  X  X 


Hi*')  MI+0 


El  +  E/ 
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We  see  from  this  that  E^,  say,  being  the  electromotiTe  force  to 
be  measured,  then  the  smaller  E,  is  made  the  better,  though  there 
is  no  advantage  in  making  E,  extremely  small.  The  relative  values 
of  E  and  p  would  of  course  be  governed  by  the  relative  values  of 
E^  and  E^,  but  their  actual  values  are  immaterial  so  long  as  the 
larger  of  the  two  is  sufficiently  great  to  be  adjustable  to  the  required 
degree  of  accuracy.  The  galvanometer  deflection,  of  course, 
should  be  brought  as  near  as  possible  to  the  angle  of  maximum 
sensitiveness  (page  25). 

If  the  resistance  of  the  cells  is  unknown  and  cannot  be 
neglected,  then  a  second  measurement  should  be  made  with,  say, 
p  increased  by  r  and  B  increased  by  r\  so  that  we  get  a  second 
equation, 

El :  Ea  : :  E  +  r' :  p  +  r, 

so  that,  as  in  the  case  of  Wheatstone's  method  (page  174),  we  have 
Ej  :  Ej  : :  r*  :r. 


Clark's  Method. 

221.  This  is  a  valuable  modification  of  PoggendorfiTs  method, 
and  is  shown  in  theory  by  Fig.  92.  a  &,  which  takes  the  place  of 
E  in  Poggendorff's  method  (page  185),  is  a  slide  resistance;  E3  is 
a  third  battery  which  is  connected  to  a  slider  through  a  galvano- 
meter G3. 

Now  if  we  suppose  equilibrium  to  be  obtained  in  both  galvano- 
meters, we  must  have  from  [5],  page  186, 

El  :  Ej, : :  ri  +  p  +  a  +  6  :  a  +  M 
and  also 

Ei:Ej::ri  +  p-ha  +  t:a; 

from  which  we  get 

Ej  :  E3  : :  a  '^'  h  :  a. 

If  then  we  take  a  +  h  to  represent  the  electromotive  force  of 
the  standard  battery  Ej,  a  wiU  represent  the  electromotive  force 
of  the  battery  E3. 

In  making  this  test  practically,  the  battery  E3,  which  would 
be  tlie  trial  battery,  being  disconnected  from  the  slide  resistance, 
balance  would  be  obtained  with  the  standard  battery  E,  by 
adjusting  p  until  no  deflection  is  observed  on  the  gali^anometer  G^. 


Digitized  by  VjOOQ IC 


£LECTBOMOTIV£  FORCE  OF  BATTERIES. 


201 


E3  would  then  be  connected  up  and  the  slider  moved  until  no 
deflection  is  observed  on  the  second  galvanometer  63. 

The  great  advantage  of  Clark's  method  is  that  both  the 
standard  and  the  trial  battery  are  compared  under  the  same  con- 
ditions, that  is,  when  no  current  is  flowing  in  either  of  them; 
this  is  a  great  point,  as  errors  due  to  polarisation  are  avoided. 

222.  It  must  be  evident  that  if  equilibrium  is  not  produced 
with  the  trial  cell,  then  the  balance  in  the  standard  cell  circuit 


Fia.  92. 

will  also  be  disturbed ;  it  would  therefore  seem  to  be  possible  to 
dispense  with  the  galvanometer  O3,  but  inasmuch  as  the  current 
which  would  flow  through  the  galvanometer  G^  would  only  be  a 
fraction  of  that  flowing  out  of  the  battery  E3,  we  should  not  be 
able  to  make  a  measurement  with  nearly  such  a  degree  of 
accuracy  as  we  could  if  we  employed  the  galvanometer  O3,  which 
would  be  acted  upon  by  the  full  force  of  the  current. 


228.  To  determine  the  best  arrangement  of  resistanceB,  Ac,  for  making  the 
test,  let  HB  soppose  that  there  iB  a  small  error,  A,  in  £,,  oansed  by  a  oorresponding 
small  error  in  a,  and  let  na  find  what  effect  this  error  has  apon  the  current  which 
wonld  flow  throngh  the  galvanometer  G,.  Supposing  then  that  a,  is  the  new 
▼aloe  of  a  which  causes  this  error,  then,  keeping  in  mind  that  a  +  b  being  a 
slide  resistance  is  not  altered  by  changing  a,  we  ha?e 


•  B, 


[1] 
[2]. 


We  next  have  to  determine  what  the  current  flowing  throngh  the  galvano- 
meter, when  equilibrium  is  disturbed,  is  equal  to. 
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Beferring  to  Fig.  98,  in  which  m, «,  a,  6,  and  g  repreflent  the  redfltanoeB,  and 
0if  «!•  <^i  '^i*  ftod  K^  the  current  ttiengths  in  the  YariooB  drcoits,  we  haye  by 
KirchoiTs  laws  (page  178) 

c,  +  c,  +  c,-«i  =  0 

«,  -  0,  -  It,  =  0 

««  -  <?i  -  Ot  =  0 

e,  m  +  ff|  a,  +  Kf&i  -  El  =  0 

0,  n  +  «i  a,  +  K,&|  -  E,  =  0 

«•  ^»  +  «i  «i  —  E,  =  0. 

We  know  also  that 

E,  :  E,  : ;  «  +  aj  +  6,  :  a.  +  6i. 

Oi  +  6i  =  o  +  6 

By  finding  then  the  yalae  of  c{  ftom  the  fint 
equation  and  substituting  its  yalue  throughout 
Fig.  98.  the  others,  and  then  again  the  value  of  c, 

from  any  other  equation,  and  again  substi- 
tuting throughout,  and  so  on,  and  also  substituting  the  value  of  E|  obtained 
from  the  proportion,  and  also  the  value  of  a,  +  &,,  we  shall  find  that 


««  = 


E, -E,--?ii_      F,  -  E,    °' 


G.+ 


P] 


a  +  6  + 


m  +  ft 


If  in  this  equation  we  substitute  the  value  of  a,  given  by  equation  [2] 
(page  201),  we  shall  get 


c,  = 


G.+ 


<'^^^i.y 


a  +  6  +  ^- 


m  +  n 

or  as  tti  and  ^,  are  very  nearly  equal  to  a  and  6,  we  may  say 

K 


G,+ 


\        m  +  n/ 


M 


a  +  6  + 


m  +  » 


On  examining  this  equation  we  see  that  to  make  c,  as  Uarge  as  possible  we 


must  make 


Y6  +  J!L^_) 


a  +  6  + 


as  MiaZI  as  possible,  but  we  also  see  that  it  is  no  use 


m  +  n 


making  it  much  smaller  than  G„  as  c,  is  but  very  little  inoreased  by  so  doing. 

/Google 
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o(6+- 


mn  \ 
+  n) 


Now  the  quantity ^^  is  the  renstanoe  a  oombined  in  mnltiple 

are  with  the  xeBistance  h  pins  m  aod  n  combined  in  mnltiple  arc,  oonmniuentljr  this 
quantity  can  never  be  greater  than  a.  Aa  kmg  therefore  as  a  is  smaller  than  G„ 
tbe  highest  values  that  can  be  given  to  the  other  residtanoes  cannot  make  c,  less 

than  ,  whilst,  on  the  other  hand,  however  low  we  make  these  resistances, 

we  can  never  make  o,  greater  than  ?;-.   The  value  therefore  we  give  to  a  prac- 

^» 
tically  determines  the  sensitiveness  of  the  system.  But  as  a  is  only  a  portion  of 
the  slide  resiBtance  a  +  &,  and  as  it  may  include  the  whole  of  the  latter,  as  for 
instance  when  the  slider  is  moved  quite  to  the  end  of  a  +  6,  the  sensitiveness  is 
practically  dependent  upon  the  value  given  to  a  +  b.  This  must  then  be  made 
as  much  lower  than  G,  as  may  be  desirable. 

It  would  not,  however,  do  to  have  the  lesiBtanoe  excessively  low,  for  the 
following  reason : — 

In  order  to  get  equilibrium  on  the  galvanometer  G„  it  is  necessary  that  the 
relation 

E,  :  E,  : :  r,  +  p  +  »  +  6  :  a  +  6, 
or 

should  hold  good.    This  cannot  be  the  case,  however,  if  !}-^^  is  greater  than 

E, 

a  +  h;  that  is  to  say,  if  a  +  6  is  very  small  IlZ^^  must  be  very  small  also; 

E," 

but  to  make  the  latter  small  we  must  make  E,  large  and  f)  +  p  small,  but  since 
r,,  the  resistance  of  E„  will  increase  by  increasiiig  E|,  it  may  be  impossible  to 
do  this.  Practically  we  may  say  the  resistance  of  a  +  &  should  be  a  fractional 
value  of  G,. 

224.  Let  us  now  determine  the  PoMtUs  degree  of  aeewracy  aUainaJble  by  tbe 
method.  In  equation  [1]  (page  201)  we  have  supposed  that  an  error  x  has  been 
caused  in  E,  by  a  being  out  of  adjustment;  that  is  to  say,  fh>m  the  slider  being 
moved  a  little  too  far,  so  that  a  becomes  a,.  If  we  call  4>  the  distance  the  slider 
has  been  moved  beyond  its  correct  position,  then  we  have 

E,(a  +  »)^   E,a    .    E^<^  . 
^t  +  ^-    (0  +  6)     "o+"6"*'a  +  6' 
but 

therefore 

E, 


^-1 
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that  18  to  say,  the  disianoe  the  slider  is  out  of  poBitioa  repreeents  directly  the 
error  X  in  E,.  The  degree  of  acoaraoy  therefore  with  which  we  adjimt  the 
poeitioa  of  the  slider  will  he  the  degree  of  aoouraoy  with  which  we  can 
measure  E,. 

We  ha?e  pointed  out  that  if  a  +  6  is  small,  then 

a  +6+ -  J— 

TO  +  11  * 

will  be  smaller  still ;  if;  therefore,  G,  is  large  compared  with  a  +  &>  equation  [4] 
(page  202)  becomes 

X 

If  in  this  equation  we  put  the  value  of  x,  given  above,  we  have 


c,  = 


Oz{a  +  oy 


o  +  6  ~    E,  ' 
This  equation  enables  us  to  determine  what  movement  of  the  slider  produces  a 
perceptible  deflection  on  the  galvanometer.    With  a  Thomson  galvanometer  of 
5000  ohms  resistance  and  figure  of  merit  =  *  000,000,001  (page  85)  we  should 
have,  supposing  E,  to  be  1  volt, 

^  =  6000  X  -000,000,001  =  -000.005=  .^J^. 

or  a  movement  of  the  slider  equal  to  ^g^th  of  the  length  of  a  +  6  would  pro- 
duce a  perceptible  deflection ;  that  is  to  say,  we  could  determine  the  accuracy  of 
an  electromotive  force  E,  of  about  1  volt  to  ao  accuracy  of  ^o^^* 

To  obtain  this  accuracy,  however,  it  would  be  necessary  to  have  the  wire 
a  +  &  graduated  into  200,000  parts,  each  of  which  would  be  very  stuall,  unless 
indeed  the  wire  were  very  long.  If  a  lesser  number  of  graduations  were  em- 
ployed, we  could  practically  subdivide  each  of  them  by  noting  what  the  galvano- 
meter deflections  were  when  the  slider  stood,  flrst  at  one  division  mark,  and  then 
at  the  contiguous  mark,  as  follows : — 

Suppose  the  slider  stood  at  a  distance  a  from  the  end  of  the 
slide  wire,  and  a  deflection  due  to  a  current  c^  was  produced  to 
one  side  of  zero ;  and  suppose  that  when  the  slider  was  moved  1 
division  forward,  that  is  to  a  +  !>  the  deflection  was  on  the  other 
side  of  zero,  or  was  produced  by  a  current  —  Cj.  Then  we  have 
from  equation  [3]  (page  202),  since  a  and  a  +  1  are  very  nearly 
equal, 

Ci=:  ^ 


and 

p,       Tj,  «4-l       -,  „       a  Ej 

^g  +  ^  —  ^  a  +  h       a  +  h 

K  ""  K  ' 


-C3  =  - 
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therefore 

C1E3  -  c^E,^  -  c,-^^  =  -  c,E3  +  C^^2^^ 
or 

EsCci  +  c,)  =  E^^-J^Cc,  +  c,)  +  ^-^Ci ; 
therefore 

Ea:E3::a  +  Z»:a+— ^. 

The  snbdiviBion  of  the  division  beyond  a  is  therefore  given  by 
the  fraction  — p —  •    We  have  seen  that  we  could  get  a  defleotion 

of  1  division  on  the  galvanometer  if  the  slider  v^ere  moved  a 
distance  of  aoo\)oo^^  beyond  the  distance  required  to  give  equili- 
brium. If  the  vrire  a-^-h  were  divided  into  20,000  parts,  then  a 
movement  of  the  slider  through  1  part  or  division  would  give 
10  divisions  of  deflection  on  the  galvanometer,  each  division 
representing  a  tenth  of  one  of  the  wire  graduations.  If  in  making 
a  measurement  we  got  a  deflection  of  7  divisions  (cj)  to  the  left 
when  the  slider  stood  at  a  distance  a  from  the  end  of  the  wire,  and 
a  deflection  of  3  divisions  (Cj)  to  the  right  when  the  slider  was 
moved  1  wire  graduation  beyond  a,  then  the  position  of  the  slider 
for  exact  equilibrium  would  be 

The  galvanometer  can  thus  be  made  to  act  as  a  vernier;  and  the 
greater  the  deflection  produced  by  a  movement  of  the  slider 
through  one  division  of  the  graduated  wire,  the  greater  will  be 
the  accuracy  with  which  a  test  can  be  made. 

The  general  results  that  we  arrive  at  from  the  foregoing  in- 
vestigations are  as  follows : — 


Beat  Conditions  for  making  the  Test, 

225.  Let  the  slide  wire  a  -f  &  be  a  fractional  value  of  the 
resistance  of  the  galvanometer  G3,  but  not  so  low  that  it  is  less 

ri  +  P 


than 


I- 


The  values  given  to  the  other  resistances  and  electromotive 
forces  do  not  afiect  the  sensitiveness  of  the  arrangement. 
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PoeMle  Degree  of  Accuracy  attainable. 

T,  X  r  Co  G,  100 

Feroentage  of  aoouraoy  =  -=-^ • 

226.  The  late  Mr.  Latimer  Clark  employed  a  platinnm-iridinm 
wire  of  40  ohms  reBistance,  wound  spirally  on  an  ebonite  cylinder, 
for  the  slide  resistance.  The  edge  of  the  cylinder  being  divided 
into  1000  equal  parts,  and  there  being  twenty  turns  to  the  cylinder, 
the  whole  wire  is  divided  into  20,000  equal  parts.  By  employing 
with  this  instrument  (which  combined  with  the  batteries  and 
resistances  is  called  a  "Potentiometer")  a  galvanometer  with  a 
high  figure  of  merit  (page  85;,  and  a  standard  battery  E,  of  one 
Daniell  cell,  a  1  division  movement  of  the  slider,  after  equili- 
brium has  been  produced,  will  produce  a  deflection  of  50  divisions. 
It  is  possible,  therefore,  with  the  apparatus  to  measure  an  electro- 
motive force  of  one  Dauiell  cell  to  an  accuracy  of 


1 


20,000  X  50       1,000,000 


th. 


Potentiometer  Direct  Method. 

227.  This  method,  which  is  an  exceedingly  simple  and  satis- 
factory one,  is  shown   by  Fig.   94.     a  &,  is  a  slide  resistance 

(page  17),  E  is  a  battery  of 
constant  electromotive  force 
connected  to  the  end  of  a  b, 

A  standard  cell  E3,  is  first 
connected  up  through  a  galvano- 
meter G3,  as  shown,  and  the 
slider  is  moved  until  the  gal- 
vanometer needle  comes  to  zero. 
E3  is  now  removed,  and  the 
battery  E,,  whose  force  is  re- 
quired, is  connected  up  in  its 
place ;  the  slider  is  then  moved 
until  equilibiium  is  again  produced  on  G3.  If  then  a^  be  the 
new  value  of  a  correspondiug  to  the  changed  position  of  the 
slider,  we  have 

E3  :  E3  : :  a|  :  a, 

the  truth  of  which  is  obvious. 


Fig.  94. 


Direct  Reading  Potentiometer.    See  Appendix. 
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CHArTEE  VIII 
THE  WHEATSTONE  BBIDOE. 


228.  The  theoretical  arrangemeiit  of  the  Wheatstone  Bridge, 
or  Balance,  is  shown  by  Fig.  95.  It  consista  of  four  resistances 
a,  b,  df  and  «,  arranged  in  the  form  of  a  parallelogram,  a  battery 
occnp}  ing  the  place  of  one,  and  a  galvanometer  the  plaoe  of  the 
other,  diameter.      When    the   four   resistances  are  so  adjusted 


Fio.  95. 

that  equilibrium  is  produced,  that  is  to  say,  when  no  current 
passes  through  the  galvanometer,  then  these  resistances  bear  a 
certain  relation  to  one  another.  This  relation  may  be  thus 
determined : — 

When  equilibrium  is  produced,  then  since  there  is  no  tendency 
for  a  current  to  flow  between  the  points  A  and  C,  the  galvanometer 
may  be  removed  without  altering  the  strength  of  current  in  the 
other  parts  of  the  bridge ;  and,  further,  we  may  join  the  points  A 
and  C  without  affecting  the  strengths.  Let  us  first  suppose  the 
points  A  and  G  to  be  separated ;  then  the  joint  resistance  given  by 
the  four  resistances  between  the  points  B  and  E  will  be 

(a  +  x)(h+d 


a  +  X  +  h  +  d 
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If,  now,  we  join  A  and  C,  the  resistance  may  be  written 

ah  dx 


which  must  be  equal  to  the  former  expression,  that  is, 

(g  +  a?) (6  +  d)  ^  _ah_  .      dx 
a-^-x  +  h  +  d       a  +  h'^'d'j-x' 

By  multiplying  up  and  simplifying  we  get 

a^d^  +  h^z^  -  2ahdx  =  0; 


therefore 
or 

that  is 
from  which 


{ad-hxy  =  0, 

a  (2  —  &  dP  =  0, 

ad  =  hx^ 


If,  now,  three  of  the  quantities  in  this  equation  are  known,  the 
fourth  can  be  determined ;  thus : — 

ad 

X  ^  — • 
h 

229.  In  the  most  general  form  of  bridge,  two  of  the  resistances 
are  fixed,  and  a  third  is  adjustable,  the  fourth  being  the  resistance 
whose  value  is  to  be  determined. 

As  a  rule,  a  and  b  are  the  fixed  resistances,  x  the  resistance 
whose  value  it  is  required  to  find,  and  d  the  adjustable  resistance. 

In  the  simplest  method  of  measuring  we  should  make  a  and  h 
of  equal  value,  in  which  case 

X  =  d; 

that  is  to  say,  the  resistance  between  A  and  E  when  equilibrium 
is  produced,  gives  the  value  of  the  unknown  resistance. 

It  is  absolutely  necessary  that  there  be  some  resistance  in  a 
and  &,  for  otherwise  the  galvanometer  is  short-circuited,  and 
equilibrium  will  apparently  be  always  produced,  no  matter  what 
resistances  we  have  in  the  other  two  branches. 

*  See  also  Appendix  for  a  geometrioal  proof  of  the  prinoiple. 
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230.  Besides  using  equal  resistances  in  a  and  &,  we  can  make 
one  of  the  two  to  be  10  or  100  times  as  great  as  the  other ;  or,  in 
fact,  any  multiple  of  it  we  like,  but  multiples  of  10  are  those 
most  commonly  used.  If,  when  we  are  measuring  a  resistance  x^ 
we  make  h  10  times  as  large  as  a,  then  every  unit  of  resistance  in 
d  represents  ^th  of  a  unit  in  a,  for  in  this  case 

d 

05  =  — . 

10 

We  Can,  therefore,  by  this  device  determine  the  value  of  a 
resistance  to  an  accuracy  of  ^th  of  a  unit,  although  d  is  adjustable 
only  to  units.  In  like  manner,  if  we  make  fr  100  times  as  large  as 
a,  then  every  unit  of  resistance  in  d  represents  t^tt^^  ^^  &  ^^^^  ^^ 
x;  for  in  this  case 

d 
"^  =  100* 

and  We  can  thus  determine  the  value  of  a  resistance  to  an  accuracy 
of  x^th  of  a  unit.  In  the  first  instance,  however,  the  value  of  d 
when  adjusted  Would  be  10  times  that  of  a? ;  we  could  not,  there- 
fore, in  that  case  measure  a  resistance  whose  value  was  greater 
than  ^th  of  the  total  resistance  we  could  insert  in  d ;  and  in  the 
second  instance  d  would  be  100  times  as  great  as  a; ;  we  could  not, 
therefore,  in  that  case  measure  a  resistance  greater  than  y^th  of 
the  total  resistance  in  d.  In  fact,  the  larger  we  make  d  the  closer 
Will  be  the  degree  of  accuracy  with  which  a  measurement  can  be 
made,  but,  at  the  same  time,  the  smaller  will  be  the  resistance 
which  can  be  measutedj  unless  extra  resistituce  coils  ate  added  In 
between  A  and  E. 

There  is,  however,  a  limit  to  the  degree  of  accuracy  with 
which  a  resistance  can  be  thus  measured,  which  is  dependent 
upon  the  figure  of  merit  (pAge  85)  of  the  galvanometer ;  of  this 
we  shall  speak  hereafter. 

If,  now,  we  wish  to  measure  a  resistance  which  is  greater 
than  the  total  resistance  we  can  insert  in  d,  we  must  make  a 
larger  than  h.  If  a  be  made  10  times  as  great  as  &,  we  can  theti 
measure  any  resistance  which  is  not  greater  than  10  times  the 
resistance  we  can  insert  in  d,  but  as  in  this  case  1  unit  in  d  repre- 
sents 10  units  in  0,  we  can  only  be  certain  of  the  value  of  x  within 
10  units.  Similarly,  if  we  make  a  100  times  as  great  as  &,  we  can 
measure  any  resistance  not  greater  than  100  times  df  but  we  can 
onlv  determine  its  Value  within  100  units. 
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231.  The  practical  method  of  joining  up  one  form  of  the  bridge 
(Figs.  6  and  7,  pages  14  and  16)  is  shown  by  Fig.  96,  When  the 
connections  are  made,  and  the  proper  plugs  removed  from  A  B  (6) 
and  B  C  (a),  the  rt^A^-hand  key  must  be  pressed  down  to  put  on 
the  battery  current.  Plugs  are  now  removed  from  E  A  (d)  until 
we  have  inserted  a  resistance,  as  near  as  we  can  guess,  equal  to 


^000  wo  to  to  wo  woo 
tot  too  A>    30    go    r" 

soT] — i ^ 

A 


Fio.  96. 

the  resistance  we  are  going  to  measure.  The  left-hand  (galvano- 
meter) key  is  next  pressed  down,  and  plugs  removed  or  shifted 
from  E  A  (d)  until  no  movement  of  the  galvanometer  needle  is 
produced  upon  raising  and  depressing  the  key.  The  connections 
in  the  case  of  the  set  of  coils  shown  by  Figs.  4  and  5  (page  13) 
would  be  similar  to  the  foregoing,  but  separate  keys,  in  circuit 
with  the  battery  and  galvanometer  respectively,  would  have  to  be 
employed. 

.  232.  If  the  galvanometer  used  has  a  high  figure  of  merit,  and 
has  a  fine  fibre  suspension,  the  key  must  not,  at  first,  be  pressed 
firmly  down,  but  only  snapped  down  sharply ;  for  otherwise,  if  equi- 
librium is  not  very  nearly  produced  when  the  key  is  depressed, 
there  is  a  danger  of  breaking  the  fibre  of  the  galvanometer  needle 
by  the  violent  deflection.  When,  however,  after  repeated  trials, 
we  have  very  nearly  obtained  equilibrium,  then  the  key  may  be 
firmly  held  down,  and  the  final  adjustment  of  plugs  made. 

233.  Fig.  97  shows  a  plan  of  the  internal  connections  of  the  set 
of  resistance  coils  which  were  shown  in  general  view  by  Fig.  8, 
page  15.     The  method  of  joining  up  these  coils  to  form  a  bridge 
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would  be  as  follows :  The  resistance  to  be  measured  is  connected 
between  C  and  E,  the  "  Infinity  "  plug  between  the  two  being 
removed ;  the  galvanometer  is  joined  between  A  and  C ;  the 
battery  is  connected  between  B  and  E.  The  "Infinity"  plug 
between  A  and  D  is  inserted  firmly  in  its  place.  Besides  the 
connections  referred  to,  it  is  necessary  to  have  a  key  in  circuit 
with  the  galvanometer,  and  another  in  circuit  with  the  battery. 


B 


r^    ^f> 


B 

Flo.  97. 


E 


In  this  form  of  bridge,  when  balance  is  obtained,  we  have 


Resistance  to  be  measured  =  R  -• 


We  may,  if  we  please,  insert  the  resistance  to  be  measured 
between  terminals  A  and  D  instead  of  between  G  and  E,  a  plug 
being  inserted  between  the  latter,  and  the  plug  between  A  and  I) 
being  removed ;  in  this  case,  when  balance  is  obtained,  we  should 
have 


Resistance  to  be  measured 


r1 


An  advantage  of  the  foregoing  set  of  coils  lies  in  the  fact  that 
there  are  only  five  plugs  to  be  shifted,  for  the  insertion  of  these 
plugs  biings  the  resistances  into  circuit,  instead  of  short-circuiting 
them  as  in  the  ordinary  coils.  The  reading,  also,  of  the  total 
value  of  the  resistance  in  circuit  is  a  very  easy  matter,  as  must  be 
obvious. 

In  addition  to  the  conxxeotions  shown  in  Fig.  97  the  **  9  "  bjock 
of  each  dial  is  connected  to  the  centre  block  by  a  resistance  equal 
to  one  of  those  forming  that  particular  dial.  By  this  arrangement 
the  withdrawal  of  a  plug  instead  of  causing  a  disconnection  merely 
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introduces  a  resistance  equal  to  one  of  the  coDs  of  the  next  higher 
dial,  and  forms  a  good  test  of  their  accuracy. 

The  "Dial"  pattern  shown  by  Fig.  10,  §  18,  page  16,  is  in 
many  cases  a  very  satisfactory  instrument  for  use  as  a  Wheatstone 
Bridge. 

234.  Modified  forms  of  the  bridge  are  shown  by  Figs.  98  and 
99. 


Conditions  for  Accurate  Measurements. 

235.  Besides  the  method  of  joining  up,  as  shown  by  Fig.  96, 
we  may  also  join  up  by  placing  the  battery  between  A'  and  C, 
and  the  galvanometer  between  B'  and  E;  this,  under  certain 
conditions,  renders  the  action  of  the  galvanometer  more  sensitive 
than  by  the  common  arrangement.  What  these  conditions  are, 
and  what  should  be  the  general  arrangement  of  the  resistances  in 
the  bridge  in  order  that  a  test  may  be  made  under  the  best 
possible  conditions  for  ensuring  accuracy,  we  will  now  proceed  to 
consider. 

To  investigate  these  questions  it  is  first  of  all  necessary  to  find 
what  relation  the  current  which  flows  through  the  galvanometer 
when  equilibrium  is  not  produced,  bears  to  the  different  resistances 
which  make  up  the  bridge. 


In  Fig.  100  let  a,  6,  d^^  x,  r,  and  g  be  the  resistances  of  the 
different  parts  of  the  bridge,  also  let  c^,  Cj,  c,,  c^,  c^,  and  e^  be  the 
current  strengths  in  the  same,  and  let  E  be  the  electromotive  force 
of  the  battery. 

Applying  Eirchoffs  laws  (page  178),  we  get  the  following  six 
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equations  as  representing  the  oonneotion  between  the  resistances, 
current  strengljis,  and  the  electromotive  force : — 

C5  -  Ci  -  Ca  =  0.  [1] 

«4  -  «6  -  ^1  =  0-  [2] 

Cs  +  Ce  -  Ca  =  0.  [3] 

c^r  +  c^d^  +  c^h^  E  =  0.  [4] 

Cj  a  —  Ca  6  —  Ce  ^  ==  0.  [6] 

C3  rfi  -  C4  a?  -  Cj  i^  =  0.  [6] 

From  these  equations  we  have  to  find  the  value  of  c^,  the  current 
flowing  through  the  galvanometer. 

By  finding  the  value  of  c^  from  equation  [1]  ai^d  substituting 
its  value  in  equations  [2]  and  [5]  we  get  rid  of  c^ ;  and  in  like 
manner,  by  finding  the  value  of  Ca  from  equation  [3]  and  substi- 
tuting throughout,  we  get  rid  of  c,.  By  adopting  the  same  process 
with  respect  to  c^  and  c^  we  shall  finally  get  equations  [5]  and  [6] 
to  become 

c^a-^c^a^-e^h-^c^g--  {a  +  h) ^"^  =  0.       [6] 

c,x  +  c,g-(d,  +  x)^-^^''-  =  0.  [6] 

From  these  two  equations  we  get 

e^{r{d^+x)+x{h+d^)}  ^  ^e^(hg+d^g+hx+hd,)+E(d^+x)       r„. 
cM^  +  h)+a(h+d,)}        e,(ad,+hd,+hg+d,g)+'E(a+h)  *      ^  ^ 

jfrom  which 

E(ad,-6a?) A 

9  {  (a+xy(b+d,)+r(a+l+d,+x)  ]  +f<di+»Xa+6)+Wi(a+»)+aa(6+d,)-Bj 

This  equation  gives  the  strength  of  the  current  which  would 
flow  through  the  galvanometer  if  the  resistances  were  arranged  as 
shown  by  Fig.  100. 

236.  Suppose  now  the  battery  occupied  the  place  taken  by 
the  galvanometer  and  vice  verad,  or,  in  other  words,  suppose  the 
galvanometer  connected  the  junctions  of  a  with  6,  and  d^  with  a;, 
and  the  battery  connected  the  junctions  of  a  with  x^  and  6  with  (2^, 
then  the  current  (Cf)  flowing  through  the  galvanometer  would  be 

E(ad,-to) A    pg, 

^'~g  {id,+xXa+h)+K^+h+d,+x)]  +r(b+d,Xa+xHaKd,+x)-^dM^+V)-'B^'   ^  ^ 


c«= 


[8] 
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If  we  subtract  equation  [9]  from  equation  [8]  we  get 

«,-c,  =  g--g-  =  g-g-(B,-B,), 

and  if  in  (B,  —  B|)  we  substitute  the  values  of  E^  and  B,  given 
in  equations  [8]  and  [9],  respectively,  and  then  multiply  up, 
cancel,  &c.,  we  finally  get 

Cs-c^  =  B~¥"  ^^  "  •')  ^"^  ""  ^)  ^^  ""  ^)- 

In  this  equation,  if  ^  is  larger  than  r,  and  both  a  and  x  are 
respectively  larger  or  smaller  than  d,  and  h;  or  if  r  is  greater 
than  g  and  at  the  same  time  both  a  and  h  are  greater  than  d^  and 
X,  then  e^  —  c^  will  be  a  positive  quantity,  that  is,  c^  will  be 
greater  than  c^.- 

But  e^  is  the  current  obtained  by  the  arrangement  of  the 
bridge  indicated  by  Fig.  100 ;  and  on  examination  it  will  be  found 
that  when  the  resistances  have  the  relative  magnitudes  indicated, 
the  greater  of  the  two  resistances  g  and  r  connects  the  junction  of 
the  two  greater  with  the  junction  of  the  two  lesser  resistances : 
consequently,  as  this  arrangement  gives  the  greatest  current 
through  the  galvanometer  when  equilibrium  is  not  produced,  it 
must  be  the  best  one  to  employ. 

In  practice  it  is  almost  always  the  case  that  the  galvanometer 
has  a  higher  resistance  than  the  testing  battery. 

237.  We  have  next  to  consider  what  should  be  the  relative 
values  of  a,  b,  d,  and  x,  in  order  that  the  bridge  test  may  be  made 
under  the  best  possible  conditions. 

There  are  several  different  considerations  involved  in  these 
questions,  but  we  will  investigate  the  problem  from  a  general 
point  of  view  first. 

Equation  [8]  (page  215)  shows  the  relation  between  the 
current  and  the  resistances.  In  this  equation,  as  equilibrium  is 
very  nearly  produced,  we  may,  except  where  differences  are  con«- 
cemed,  put 

adi  =  ad  =  bx9    or,    6  =  —  • 

d  being  the  adjusted  resistance  when  equilibrium  is  exactly 
produced. 

We  then  get 

^   _ -ExCad^^bx) 

'^  {g(a^x)+aid  +  x)}  {r(^d  +  x)+d\a  +  x)Y     ^'^ 
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Let  U8  now  suppoee  that  the  error  in  d^  which  causes  the 
current  c^,  produces  an  error  X  in  x^  or  that 

a?  -f  A  =  -^.     or,     ad^sshx  +  oXj 

and  as 

,  _  ®^ 

""    X 
therefore 

EarfX 

^''^  {g(a^~x)+i~Cd  +  x)]    {r(d  +  a:)  +  d(5Hri)l 

EA  [2] 


or 


Now  our  object  is  to  make  X  as  small  as  possible,  and  this  we 
shall  do  by  making  the  error  in  d  as  small  as  possible.  But  the 
accuracy  with  which  we  can  adjust  d  is  limited  by  the  degree  of 
closeness  with  which  the  movement  of  the  gaWanometer  needle 
from  zero  can  be  observed.  In  other  words,  if  c^  is  the  smallest 
current  which  will  produce  a  perceptible  deflection  on  the  gal- 
vanometer, that  is  to  say,  if  c^  is  its  '*  figure  of  merit "  (page  85), 
then  the  value  of  X  which  corresponds  to  c^  will  be  the  amount  of 
the  error  which  we  are  likely  to  make  in  x. 

If  we  write  equation  [3]  in  the  form 


'U 


\  = 


E 


w 


we  can  see  that  X  is  smallest  when  the  numerator  of  the  fraction 
is  smallest,  and  we  must  determine  the  values  of  d  and  a,  which 
make  this  numerator  as  small  as  possible. 

In  order  to  do  this  let  us  simplify  the  above  equation  by 
putting 
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we  then  get 


A  = 


A  = 


1 ' 

""  Y 

E- 


[A] 


From  this  equation  we  oan  see  that  to  make  X  as  small  as 
possible  we  must  make 


as  small  as  possible. 

Now 


and  in  order  to  make  the  right-hand  side  of  the  equation  as  small 
as  possible  we  must  make 


as  small  as  possible ;  that  is  to  say,  we  must  have 

V  o  —  — -=^  s=  0,    or,    V  a  =  — — =-  > 
Vd  Vd 

from  which  we  get 

that  is  to  say,  we  must  make  d  equal  to  the  geatneirie  mean  of  the 
quantities  (,  +  .  +  O)  and  (^r,^^). 

Now,  although  the  value  "  d  =  V  X  Y  "  is  one  whioh  gives  a 
minimum  value  to  A,  yet  it  is  not  the  value  which  makes  X  an 
ahBolute  minimum,  for  X  and  Y  both  contain  the  variable  quantity 
a.  In  order,  therefore,  to  make  A  an  absolute  minimum,  we  must 
determine  what  value  a  should  have. 
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If  in  equation  [A  ]  we  put  d  =  V  X  Y,  we  get 


X  = 


+  X  +  (V-XY  +  -,^^) 


Y 


E 


E  °"  E 


[B] 


In  order  to  make  X  an  absolute  minimum,  we  can  see  that  we 

X 

must  make  =■  a  minimum.     Now 

X  ^(^  +  ^  +  T j  ^  A    .   ^      jya?\/r  +  a?  +  a\ 
Y-   /    _r^_\  -(^  +  ^  +  TJ(— 7^— J 
Vr  +  «  +  a/ 

Q      1       I 

consequently  we  can  see   from  the  reasoning  in  the  previous 

X 
investigation,  that  to  make  :=  a  minimum  we  must  make 


=  N/('  +  «),-«r 


9  +  » 


[C] 


Having  now  obtained  the  required  value  of  a  in  terms  of  the 
known  quantities,  r,  g,  and  x,  we  can  also  determine  the  value  of 
d  in  terms  of  r,  g,  and  x ;  for  we  have 


.WXT  =  V(,  +  ,  +  L-)(,-^^J 


*-Wi^ 


V|  VrT^  )  \{r+x)^^~x+^{r-[-x)gx 


\ 


-\/^  j  ^!?+*  ^'•+*+  *^9  *)  jVrT»vJ+*+V^ 


Digitized  by 


Google 


220  HANDBOOK   OF  ELECTRICAL  TESTING, 

or 


^^\/i9  +  '')~  [D] 


If  W6  multiply  equations  [C]  and  [D]  together,  (r  +  x)  and  {g  +  «) 
cancel  out,  and  we  get 

a d  =  ^ g r a^^    or,    —  ss  ^ gr 

X 

that  is  

h  =  ^  gr, 

238.  Although  equations  [C]  and  [D]  show  the  values  of  a  and 
d  which  are  neoessaiy  for  making  the  error  X  an  absaluU  minimum, 
yet  practically  we  may  make  both  a  and  d  to  yary  considerably 
from  these  exact  values  without  increasing  X  to  any  great  extent. 

As  regards  (2  it  is  preferable  to  make  it  as  high  as  possible,  so 
that  its  range  of  adjustment  may  be  as  high  as  possible.  Beferring 
to  equation  [4]  (page  217),  we  have  proved  that  for  an  absolute 
minimum  we  must  mako  d   equal  to   the  geometric  mean  of 

the  quantities  (g  +  sd  +  —  )  and  (  — - — -- — \  consequently  we 

can  see  that  in  this  case  d  must  be  less  than  lg  +  x  +  —)• 
If  we  suppose  the  value  of  d  for  a  minimum  to  be  very  small 
compared  with  Ig  +  x  +  —  j,  then  we  can  see   that  even  if 

we  increase  d  up  to  an  equality  with  {g  +  x  +  —J,  we  can- 
not increase  X  beyond  twice  its  minimum  value,  especially 
if  we  consider  that  by  increasing  d  we  diminish  tiie  value  of 


If  we  only  increase  d  up  to  ^  +  a?,  then 


Vr  +  oj  +  aJ) 

X  will  of  course  be  increased  still  less.  Should  the  value 
of  d   for   a  minimum    happen   to   be   only  a   little   less   than 

(9  +  ^  +  — )i  then  of  course  the  increase  of  d  referred  to  will 

have  but  little  effect  on  A.  In  any  case,  however,  by  keeping  d 
below  g  +  X,  the  increase  in  X  must  be  less,  and  may  be  consider- 
ably less,  than  2  X.  The  importance  of  this  £BU)t  may  be  seen  if 
we  suppose  g,  Xy  and  r  to  have  the  following  values : — 

g^  4899,  a;  =  1,  r  =  100; 
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then  for  the  minimtiin  we  must  take 

c^=  ^(4899 +  1)100^1  =  70; 

but  we  have  proved  that  if  we  may  make  *'d  =  (4899+1)  =  5000," 
then  by  so  doing  we  oannot  possibly  increase  X  to  more  than  2  X, 
and  actually  the  increase  mnst  be  to  less  than  2  X. 

We  next  have  to  consider  to  what  extent  we  may  vary  a.    To 
do  this  let  ns  write  equation  [3]  (page  217)  in  the  form : — 


c^gx 
X  = 


E 


From  this  equation  we  can  see  that  if  d  has  the  value  necessary 
to  make  X  a  minimum,  then  as  long  as  we  do  not  make  a  less  than 

_£.?_  we  cannot  possibly  increase  X  to  more  than  2  X.    But  then 

g  +  SD 

the  question  arises — Suppose  we  have  already  increased  X  by 
making  d  as  great  ihb  g  +  x^  under  these  conditions  what  will  bo 

the  effect  of  also  decreasing  a  to  -SJL  ? 

g  -r  X 

If  we  refer  to  the  last  equation,  we  can  see  from  the  investi- 
gation made  in  the  case  of  equation  [4]  (page  217),  that  the 
value  of  a  which  makes  X  a  minimum  must  be 


and  this  value  is  one  which  makes  X  a  minimum  whatever  be  tber 
value  of  <2,  though  to  make  X  an  ahaoluie  minimum  we  must  also 
have  

Now,  if  we  increase  d,  we  can  see  that  to  make  X  a  minimum  we 
shall  have  to  decrease  the  value  of  a,  for  by  increasing  d  we 

decrease  both  (^  +  ^  +  -j)  ^^^  (  if  ^ ,  ^) »  consequently  a  de- 
crease in  a  after  d  has  been  increased  will  tend  to  decrease  again 
the  increased  value  of  X.  We  cannot,  however,  bring  back  X  to 
its  original  absolute  minimum,  although  we  may  bring  it  near  to 
it ;  for  after  a  certain  point  the  decrease  in  the  value  of  a  causes 
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X  to  inorease  again ;  as  long,  however,  as  we  avoid  making  a  less 
than    ^^    this  increase  oannot  be  great. 

As  the  value  whioh  d  has  must  depend  upon  the  value  given 
to  6,  therefore  after  we  have  determined  what  values  to  give  to 
a  and  d,  we  must  ascertain  the  value  of  h  from  the  equation 
**t       adu 


For  example. 

It  being  required  to  measure  exactly  a  resistance  x,  whose  value 
was  found  by  a  rough  test  to  be  about  500  ohms,  a  ten-cell  Daniell 
battery  (E  =  10*  7),  whose  resistance  was  200  ohms  (r),  was  used  for 
the  purpose,  and  also  a  galvanometer  whose  resistance  ^  as  5000 
ohms  (g)  and  figure  of  merit  '000,000,001  (c^).  What  resistances 
should  be  given  to  the  arms  a  and  b  of  the  bridge  in  order  that  the 
test  may  be  made  under  the  most  favourable  conditions,  also  what 
percentage  of  accuracy  would  be  obtainable  under  these  condi- 
tions ? 

«  =  500 

g  =  5000 

r=  200; 
therefore 


J  .  ^(MOO  +  MO) -^^  =  890  .h».  i 

also  we  must  have 

6  =  ^60X890  ^,^^Q^j^^^ 
600 

In  practice  we  could  make  d  as  high  as  5500  ohms  (g  4*  fl?)>  &nd 
a  as  low  as  450  ohms  (  -^    j,  without  seriously  increasing  A. 

Supposing,  however,  we  actually  gave  a  and  d  their  best  values, 
then  by  equation  [3]  (page  217)  we  should  have 


.  __  -000, 
^ 10 


^22M^i  J  890  +  5000  +  500  +  52?oxi?^l 

10-7  I  560        I 

j200  +  560  +  500  +  ^-22g^|=.0014 
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that  is  to  say,  we  may  be  *0014  units  out  when  we  measure  x 

exactly;  this  is  equivalent  to  an  error  of  1-?---^ =  '0003  per 

cent,  approximately. 

In  order  to  make  the  test  as  accurately  as  this,  it  would  be 
necessary  that  d  be  adjustable  to  a  small  fnu^tion  of  a  unit ;  if  we 
call  4>  the  Talue  of  the  latter,  then  we  should  have 

^  h  h    ^    h 


and 
therefore 

We  therefore  have 


ad 

OB    ^    • 

b  ' 


X  =  -y:,  or,  <^  = 

0  a 


.       1000  X  -0014       .^^o 
*" 600 ^    ^^^' 

showing  that  d  ought  to  be  adjustable  to  *  003  of  an  ohm  or  less. 
If  we  make  it  adjustable  to  '001  or  xoW^  ^f  ^^  ^^™  therefore,  we 
shall  be  able  to  make  the  test  properly. 

239.  The  facts  we  have  arrived  at  by  the  foregoing  investiga- 
tion are  these,  that  with  a  =  560  ohms  and  b  =  1000  ohms,  then 
when  equilibrium  is  exactly  produced,  an  alteration  in  the  value 
of  d  equal  to  *  003  of  an  ohm  (which  quantity  would  mean  an  error 
X,  of  '0014  units,  or  -0003  per  cent,  approximately,  in  x)  would 
produce  a  perceptible  deflection  (1  division)  on  the  galvanometer. 

We  have,  then, 


Beat  Conditions  for  making  (he  Teat, 

240.  First  make  a  rough  test  to  ascertain  approximately  the 
value  of  X. 

Make  d  not  greater  than  ^  -f-  «,  or  less  than  /s^ig  +  a?)     ^  , 

and  preferably  make  it  as  near  to  the  latter  quantity  as  possible, 
provided  the  range  of  adjustment  of  d  is  not  reduced  to  too  great 
an  extent  by  so  doing. 
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Make    a    not    leas    than     — ?*      and    not    greater     than 

A/  (r  +  x)  -^ —  and  preferably  make  it  as  near  to  the  latter 
^  g  +  x 

quantity  as  possible  in  the  case  where  d  is  made  nearly  equal  to 

x/  {g  +  x)  — ^  ;  bnt  if  rf  is  made  more  neatly  equal  to  g  +  x^ 

^  r  +  X 

then  a  should  preferably  be  made  more  nearly  equal  to    ^^  . 

g  +  x 

It  is  clearly  advantageous  that  E  should  bo  as  large  and  r  as 
small  as  possible. 


Pc99ihle  Degree  of  Accuracy  attainable^ 

Percentage  of  accuracy  = ,  where 

x 

x  =  «^{<l  +  ,  +  .  +  ^_«}{. +  «  +  «  +  -}. 

c^  being  the  figure  of  merit  of  the  galvanometer. 

In  order  to  obtain  this  percentage  of  accuracy,  d  mudt  be  ad- 
justable to  not  less  than  —  units,  or ^  th  of  a  unit. 

\dX' 

241.  In  the  foregoing  investigation  We  have  considered  the 
exact  conditions  required  for  a  maximum  degree  of  accuracy,  and 
we  have  seen  that  in  order  to  attain  this  it  is  necessaty  that  d  be 
adjustable  to  a  fraction  of  a  unit.  At  the  commencement  of  the 
chapter  (§  231,  page  210),  however,  we  saw  that  if  d  is  only  ad- 
justable to  units,  then  in  order  to  obtain  the  greatest  possible 
accuracy  we  should  make  d  as  much  larger  than  x  as  possible,  as 
by  so  doing  we  get  a  gteat  range  of  adjustment.  But,  as  we  also 
stated,  there  is  a  limit  to  thus  increasing  d,  for  unless  we  are  able 
to  adjust  d  accurately,  we  can  gain  nothing  by  having  the  range 
of  adjustment  so  large*  Now  to  adjust  d  we  note  the  deflection  of 
the  galvanometer  needle,  and  when  this  becomes  0  we  know  that 
d  is  adjusted  exactly  right ;  but  if  an  alteration  of  several  units 
produces  no  perceptible  effect  on  the  deflection  we  may  just  as  well 
have  (2  of  a  smaller  value.  Thus,  supposing  we  have  h  10  times 
as  great  as  a,  that  ind  10  times  x;  then  if  an  alteration  of  10  units 
in  d  only  just  affects  the  galvanometer  needle,  it  is  evident  that  we 
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cannot  adjust  d  to  a  doser  accnraqy  than  10  units,  and  consequently 
we  cannot  obtain  the  value  of  a)  to  a  closer  accuracy  than  1  unit. 
If  we  have  h  equal  to  a»  that  is,  d  equal  to  x^  then  if  we  can  adjust 
d  within  1  unit,  we  shall  in  this  case  obtain  the  value  of  a;  to  an 
accuracy  of  1  unit,  that  is,  with  just  as  much  accuracy  as  we  could 
in  the  first  case,  when  d  was  10  times  x.  It  is  even  possible  that 
we  could  obtain  the  value  of  a  more  accurately  in  the  latter  case, 
for  it  may  be  that  an  alteration  of  1  unit  in  d  when  h  equals  a  may 
produce  a  much  greater  movement  of  the  galvanometer  needle  than 
does  the  alteration  of  10  ohms  when  &  is  10  times  a.  Whether  this 
is  so  or  not  is  a  point  we  have  to  determine. 

We  have  also  to  find  what  should  be  the  absolute  values  of  a 
and  h. 

We  have  seen  that  in  order  to  obtain  accuracy  it  is  necessary  to 
make  d  as  high  as  possible,  but  the  highest  useful  value  we  could 
give  to  d  would  be  thai  whiehproduee$  ike  inuMed perceptible  deflectian 
when  it  is  one  unit  out  of  ad^tment. 

Now  if  X  be  the  error  in  m  caused  by  d  being  1  unit  of  adjust- 
ment, we  must  have 


and  since 


therefore 


or 


X 

+  X: 

b 

i)  = 

ad 
h 

+|. 

X  = 

6'   "• 

a 

a* 

[A] 


ad  ,   ^  _  ad  .X 


x.|. 


We  have,  then,  from  eqtiation  [2]  (page  217) 

d[d  +  g  +  x+S^\\r  +  a  +  x+!^] 

From  this  equation  we  have  to  determine  the  highest  value  we  can 
give  to  d ;  this  will  be  limited  by  the  '*  figure  of  merit "  (page  85) 
of  the  galvanometer,  and  also  by  the  value  of  a.  Let  us  write  the 
above  equation  in  the  form 


'  "'I        g  +  m+A 


rx\  \±  H -1; 1  _  E^ 
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Now  smoe  — -  is  a  fixed  quantity,  therefore  in  order  that  d  may 

have  as  large  a  value  as  possible  we  must  give  a  such  a  value 
that 

is  as  small  as  possible.  From  the  investigation  given  in  §  237 
(page  216)  we  can  see  that  if  we  make  a  as  low  as  possible,  but 

not  lower  than,  say,    ^  ,  then 

will  be  very  close  to  its  minimum  value,  no  matter  how  high  d 
may  be. 

For  the  purpose  of  deterftiining  the  actual  numerical  value 
which  d  can  have,  let  us  write  equation  [B]  in  the  form 

this  equation,  being  an  ordinary  quadratic,*  would  enable  the 
value  of  (2  to  be  obtained  in  terms  of  the  other  quantities  in  the 
usual  manner,  but  inasmuch  as  we  only  require  to  determine  the 
value  of  d  within,  say,  10  per  cent.,  it  is  a  much  simpler  and 


*  The  aolutioD  of  the  qnadratto  equatioa  is  as  follows :— 
Let 

y  +  «  +  ^„?  =  A. 

rx 

then  we  get 
theiefore 

(P  +  d(A  +  B)  =  K- AB, 

°J  +  .(A  +  B)+(^)'=K-AB  +  ^!±^^^±^  =  ll±i^>. 

thereforo     

,  _  ^4K  +  (A-By      A  +  B  _  V4K  +  (A-B)«^(A  +  By 
d-  2  "2       -  2 
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shorter  operation  to  adopt  the  *'  trial "  method ;  that  is  to  say,  to 
give  d  different  values  until  we  arrive  at  one  which  approximately 
satisfies  the  equation. 

For  example. 

Suppose,  as  in  the  last  example, 

B  =  10, 

X  =5  500  (from  a  rough  test), 

g  =  5000, 

r  =  200, 

Cgs  -000,000,01; 

then  make  a  =  500 ; 
we  then  get 

( J  .  ^r.^^   .  ^A/v  .  5000  X  500)  f .  .    200  X  600   ) 
{^  +  5000  +  500  +  -^^^}  l^  +  200  +  500  +  500H 

10  X  500 

•000,000,01  (200  -f  500  +  500)' 
or, 

{d  +  10,500}     [d  +  83-3}  =  4,170,000,000. 

If  we  make  d  =  60,000  we    shall  very  nearly  satisfy  the 
equation,  for 

{ 60,000  +  10,500 }     { 60,000  +  83 '  3 }  =  4,236,000,000. 

As  the  value  which  d  will  have  will  depend  upon  the  value 
given  to  6,  the  latter  must  be  made  equal  to 

500X60,000 
*= 500 =  6<>'^<>- 

As  regards  the  Possible  degree  of  accuracy  with  which  the  test 
can  be  made,  we  have  seen  on  page  225  that 

we  therefore  have 

500  ^^^^ 

Xrr^Trrr^rr   =   •0083, 

60,000  • 

which  equals 

•0083  X  100        ^._ 

—  500         = '0017  per  cent,; 

this  compares  nnfavonrablj  with  the  result  obtained  vheq  the 

Digitized  by  VjOOQ  IC 


228  HANDBOOK  09  XLBCTRICAL  TKSTING. 

test  was  made  with  d  of  a  low  yalne  and  adjiutable  to  tiAhf^  ^^  ^ 
Tinit,  the  peroentage  of  aoonraqy  in  the  latter  case  being  *0003 
per  cent.    To  summarise  the  results  of  the  investigationy  we  have 

Bed  Omditionifar  making  the  TesL 
242.  Make  a  as  low  as  pcsrible,  but  not  lower  than  ^ 


g  +  x 
Make  d  as  high  as  possible,  but  not  so  high  that 

is  greater  than 

Egg 
e.{r  +  x  +  ay 

Cf  being  the  figure  of  merit  of  the  galvanometer. 

Pomble  Degree  of  Aeewacg  AitaifuMe. 

3  X  100 

Peroentage  of  accuracy  =  ^ =  1??. 

X  a 

If  we  make  d  adjustable  to  any  particular  fraction  of  a  unit, 
we  can  tell  the  degree  of  accuracy  with  which  x  could  be  measured, 

for  if  in  equation  [A]  (page  225)  we  put  -  instead  of  1,  we  get 

A=s— -=• 
nd* 

and  equation  [B]  (page  225)  becomes 

\d  +  g  +  x  +  ^^\\d+       ''^      l  =  l>     ,    ^^         .  [B] 

If  in  this  last  equation  we  give  to  -  the  fractional  value  to 

which  d  is  adjustable,  we  determine  the  degree  of  accuracy  with 
which  we  can  make  the  test. 

For  example. 

Suppose  d  was  adjustable  to  -|\fth  of  a  unit  [-\  then  we  have 

(giving  to  x,  a,  g^  and  r  the  values  used  in  the  previous  examples) 
{d  +  10,600}   {d  +  83-3}  =  417,000,000. 
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If  we  make  d  ss  16,000,  we  shall  very  nearly  satisfy  the  equa- 
tion, and  the  percentage  of  adooraoy,  X',  with  which  a  wonid  be 
measured  wonld  be 

X 

,,      nd^  100  100  ,^^^ 

^^—H ^  °  10  X  16,000 '-'^^^P^'^^^' 

249.  At  the  commenoement  of  the  chapter  (§  230,  page  209) 
we  saw  that  by  making  h  10  or  100  times  as  great  as  a,  and  con- 
sequently d  10  or  100  times  as  great  as  x,  we  were  enabled  to  measure 
0  to  an  accuracy  of  ^th  or  y^th  of  a  unit,  although  d  was  ad- 
justable to  units  only.  Every  unit  in  d,  in  ifact,  represented  -,^th 
or  -riv^  ^^  &  "^^^t  in  x.  But  to  measure  to  an  accuracy  of  T^th 
of  a  unit,  with  the  forms  of  bridge  shown  in  Chapter  II.,  pages 
13, 14, 15,  and  16,  the  resistances  in  a  and  h  have  to  be  10  and 
1000  respectively,  we  have  no  other  choice.  In  the  investigation 
we  have  made,  we  have  seen  that  a  should  be  not  lees  than 

JL^ ,  but  in  the  bridge  as  usually  arranged,  if  we  wished  to 

g  +  x 

have  a  and  h  in  the  proportion  of  1  to  100,  so  that  we  could 

measure  to  the  accuracy  of  t^^  o^  ^  ^"^^  we  might  find 

that  we  should  have  to  veiy  consideiably  transgress  the  rule  of 

^  X 
not  making  a  snuiller  than  -^- — ,  unless,  indeed,  x  were  a  low  re- 

g  +  x 

sistance;  for  inasmuch  as  we  could  adjust  the  resistances  in  the 
bridge  so  as  to  theoretically  measure  a  resistance  of  100  ohms  to 
an  accuracy  of  xiTr^  ^^  &  ^"^^  ^  ^^®  resistance  were  as  high,  or 
nearly  as  high,  as  100,  it  might  be  10  times,  or  nearly  10  times, 
as  high  as  we  could  make  a.  Under  these  conditions,  then,  the 
bridge  is  not  in  a  favourable  condition  for  ensuring  an  accurate 
test. 

We  say  it  is  not  in  a  favourable  condition  for  ensuring  accuracy, 
but  it  does  not  follow  therefore  that  we  cannot  measure  a  resistance 
of  100  ohms  accurately  to  an  accuracy  of  i^th  of  a  unit  with  such 
an  arrangement.  A  galvanometer  if  it  has  a  high  figure  of  merit 
may,  although  the  conditions  are  unfavourable,  still  give  a  sufficient 
deflection  to  enable  us  to  exactly  adjust 

What,  then,  it  may  be  asked,  is  the  practical  value  of  the  results 
we  have  theoretically  arrived  at?  The  value  is  this:  if  we  find 
we  have  not  got  sufficient  sensitiveness  to  obtain  a  good  test,  then 
we  can  see  what  may  be  the  cause  of  it,  and  therefore  how  we  can 
remedy  it.    The  results  further  show  that  the  values  given  to  a 
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and  h  in  the  bridges  as  ordinarily  arranged  are  dudi  ihat  only 
certain  resistances  oan  be  measured  under  the  best  conditions  for 
ensuring  accuracy. 

244.  It  should  not  be  overlooked  that  the  conditions  for  ob- 
taining a  good  test  are,  to  a  very  great  extent,  dependent  upon  the 
resistance  of  the  galvanometer  used,  since  the  vslue  which  a  must 
have  is  dependent  upon  both  g  and  x.  But  it  must  not  therefore 
be  imagined  that  we  can  make  these  conditions  anything  we  please 
by  employing  a  galvanometer  of  a  low  resistance,  for  such  galvano- 
meters have  a  low  figure  of  merit,  and  consequently  what  is  gained 
in  one  direction  by  having  g  low,  is  more  than  counterbalanced  by 
having  the  figure  of  merit  low.  It  must  be  evident,  then,  that  the 
whole  question  of  the  accuracy  with  which  a  bridge  test  can  be 
made  in  dependent,  in  the  first  instance,  upon  both  the  resistance 
and  figure  of  merit  of  the  galvanometer,  and,  as  we  shall  see,  in 
certain  cases  it  is  absolutely  necessary  that  the  resistance  be  very 
low,  although  the  figure  of  merit  has  consequently  to  be  low  also. 

Mkasubement  of  a  Besistance  when  ezaot  Equilibbiuu 
cannot  be  obtained. 

245.  It  very  often  happens,  especially  when  measuring  small 
resistances,  that  exact  equilibrium  cannot  be  obtained  in  the 
bridge ;  thutf  one  unit  too.  much  in  d  may  give  a  deflection  to  one 
side  of  zero,  and  one  unit  too  little,  a  deflection  to  the  other  side 
of  zero,  and  as  no  nearer  adjustment  can  be  made,  the  exact  value 
of  X  is  not  directly  determinable.  If,  however,  the  values  of  the 
deflections  be  noted,  the  true  value  of  x  can  be  obtained  very 
closely. 

On  page  215  we  have  an  equation  [8]  which  gives  the  value  of 
the  current  (cq)  passing  though  the  galvanometer  when  equilibrium 
is  not  produced. 

Let,  then,  </  be  the  current  which  produces,  say,  a  left-hand 
deflection  of  the  galvanometer  needle,  and  let  this  current  be 
caused  by  d  being  too  small;  also  let  e"  be  the  current  which 
produces  a  right-hand  deflection,  and  let  this  current  be  caused  by 
d  being  too  large*  Then  if  d'  and  d"  be  the  pmaller  and  larger 
resistances  respectively,  we  have  two  equations,  viz. 

where  B'  and  B"  are  quantities  corresponding  to  B^  in  equation 

[8]. 


Digitized  by 


Google 


THE  WHEATSTONE  BRIDGK  231 

Now,  sinoe  d!  and  d"  are  very  nearly  eqnal,  B'  and  B"  may  be 
taken  as  being  equal  widiont  sensibly  altering  the  relative  vsdues 
of  d  and  d' ;  therefore  we  may  say 

c'  ^  ad'  —  6® 

that  is, 

e'  ad*'  —  c'fc«  =  c'fca  —  d'adl^ 
or 

a(ed"  +  (rd') 

But  as  <r  would  be  only  1  unit  latger  than  d',  that  is,  as 
therefore 

fW  examjple, 

a  and  b  being  10  and  1000  ohms  reepectiyely,  when  ^  was 
adjusted  to  156  ohms  a  defleotion  of  15  divisions  (c')  was' obtained 
to  one  side  of  zero,  and  when  d'  was  increased  to  157  ohms,  a 
deflection  of  20  divisions  (c")  to  the  other  side  of  zero,  was  observed. 
What  was  the  exact  value  of  ic  ? 


10 
* ""  1000 


0^^  +  i5T2o)=''^^^'^^- 


Slide  Bbbistakce  Coils  Beidqe. 

246.  Instead  of  fixing  a  and  b  and  varying  d,  we  may  make  a  a 
fixed  resistance,  and  b  +  d  a  slide  resistance,  and  vary  the  ratio  of 
b  to  d.  Either  a  slide  wire  or  a  set  of  slide  resistance  coils,  such 
as  that  indicated  by  Fig.  11  (page  17),  may  be  used.  The  former 
would  be  employed  if  b  +  d  is  required  to  be  a  low  resistance,  the 
latter  if  a  high  resistance  is  necessary. 

A  set  of  coils  allows  of  but  few  different  ratios  being  given  to  b 
and  d,  unless  indeed  the  number  of  coils  is  very  large,  which 
would  be  both  a  cumbersome  and  an  expensive  arrangement.  The 
late  Mr.  Yarley,  by  means  of  a  movable  derived  circuit,  reaching 
across  two  of  the  coils,  devised  a  means  of  subdividing  each  of  the 
latter.  This  arrangement  is  shown  by  means  of  Pigs.  101  and  102 
(pages  232  and  234).    Referring  to  Fig.  101,  let  us  suppose  that 
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equilibrium  is  produced  ao  that  no  carrent  circnlates  through  the 
galvanometer.  This  being  the  ease,  the  points  0  and  A  may 
be  joined  without  altering  the  current  stiengths  in  the  various 
circuits. 


Fio.  101. 

Let  us  suppose  this  junction  to  be  effected;  then  by  applying 
Eirohoff*s  laws  (page  178),  we  have  the  following  relations  exist- 
ing between  the  carrent  strengths  and  the  resistances  in  the 
system : — ■ 

Ca      -  Cg     -  C4     =  0. 

Cia^  —  Ca6  —  e^pi  =  0. 

c^x   —  Ca  cJ  —  e^p^  =  0. 

CiPi+e^P^-e^K  =0. 

By  substitution  we  get 


If  we  divide  one  equation  by  the  other,  then  we  have 

«""<^(pi  +  p2  +  'c)  +  'cPa* 
Now  if  in  this  equation  we  make  k  =  pi  +  p,,  we  get 


[A] 


b  + 


Pi 


a  ^  26(pi  +  Pa)  +  (pi  +  Pa)Pi  ^2fc  +  p^^     ^2 
a  ""  2S(pi  +  Pa)  +  (pi  +  P2)  Pa      2d  +  Pa       j  .  Pa  ' 

■^  2 
This  equation  shows  that  if  the  slide  resistance  pi  +  p,  be  made 
equal  to  the  portion  k  of  the  slide  resistance  h  +  k  +  d  which  it 
encloses,  then  the  values  of  the  resistances  between  the  points  B  A 
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aii<l  E  A  will  be  to  one  another,  as  the  resistanoe  h  phis  half  the  * 
resistanoe  p^,  is  to  the  resistanoe  d  pins  half  the  resistance  pj.* 

If,  therefore,  we  have  h  +  k  +  d  formed  of  101  ooils  of,  say, 
1000  ohms  each,  and  p^  +  p,  of  100  coils  of  20  ohms  each,  that  is, 
2000  ohms  (p^  +  p,)  in  all,  and  farther,  if  the  slider  8^  (Fig.  102) 
bridges  across  two  of  the  1000-ohm  coils  so  as  to  enclose  a  resistance 
of  2000  ohms  (k),  then  a  movement  of  slider  Si  from  one  contact  to 
the  next  represents  an  alteration  of  10  ohms  in  the  ratio  of  B  A  to 
E  A,  whilst  a  similar  movement  of  the  slider  s^  represents  an 
alteration  of  1000  ohms.  We  can  thns,  by  means  of  the  201  coils, 
101  of  1000  ohms  each,  and  100  of  20  ohms  each,  obtain  10,000 
ratios  of  B  A  and  E  A,  each  differing  from  the  next  by  10  ohms. 

247.  A  consideration  of  the  following  note  (*)  will  make  it 
evident  that  the  Yarley  slide  principle  can  bo  applied  to  the 
Ayrton-Mather  Universal  Shunjb  (page  96);  this  has  been  done 
by  Mr.  J.  Eymer  Jones,  and  also  by  Mr.  H.  W.  Sullivan  (see 
Appendix). 

*  This  follows  almost  as  a  matter  of  ooiine  from  the  following  consideration  :— 
Since  K  ia  equal  to  pi  +  ^  the  onrrent  flowing  thnmgh  jc  most  be  eqnal  to  the 
eiirrt»nt  flowing  through  p,  +  p»  and,  further,  the  point  on  jc  which  the  dider 
A  tooohee  must  have  an  exactly  correeponding  point  on  p,  +  fi^  which  two 
points  if  connected  together  cannot  affect  the  flow  of  the  currents  in  the  resist- 
ances, that  is,  cannot  affect  the  balance  on  the  galTanometer,  and,  moreover,  it 
must  be  evident  that  as  ic  is  equal  to  p,  +  ^  the  portions  into  which  k  is  divided 
on  either  side  of  the  connected  points  must  be  equal  to  p,  and  p^  Le.  the  resistanoe 

cm  either  side  of  the  connected  points  must  be  ^  cuid  ^  respectively. 

It  may  be  added  that  if  ic  is  not  equal  to  p|  +  p^  then  the  point  on  k  corre- 
sponding to  the  position  of  the  slider  on  p,  +  p,  must  be  such  that  k  is  divided 

into  the  two  parts  k  ~^\—r  and  k  -  ^   ■  respectively,  and  the  resistances  on 

*^        Pi  +  Pt  Pi  +  Pt 

either  side  of  the  connected  points  must  bo 

.ft  «+(pi+pt) 

and 

«Pt 

respectively.  So  that  if,  for  example, pi  +  p,  were  equal  to  2  jc,  then  ^T+^^^^TpS 
mid  — ■  *^*. — r  would  have  the  respective  values  §  and  ^';  so  that  the 
equation  for  equilibrium  would  be 
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We  oonld,  if  required,  have  a  seoond  slider  like  a,  to  move  along 
Pi  +  Pa  ( V^g*  101)t  and  connected  to  a  third  set  of  coils  aloi^  which 
the  slider  ir^  would  move ;  by  this  moans  the  differences  of  10  ohms 


Fig.  102. 

could  be  subdivided  into  differences  of  ^^^ th  of  an  ohm.  In  fact,  we 
could  have  any  number  of  sets  of  coils  with  sliders,  each  carrying 
out  the  subdivision  to  any  required  degree. 

When  we  come  to  make  very  small  subdivisions,  such,  for 
instance,  as  subdividing  -x^^h  of  an  ohm  into  100  parts  of  -n^th 
of  an  ohm  each,  it  would  be  inconvenient  to  employ  a  set  of  small 
resistances,  as  they  are  difficult  to  adjust  exactly;  slide  wires 
(§  20,  page  17)  may  therefore  be  employed  with  advantage  for  the 
purpose.  ' 

248.  Fig.  103  shows  a  convenient  arrangement  of  the  Slide 
Besistance  Coils  Bridge ;  the  coils  in  this  case  are  arranged  in  a 
circle  instead  of  in  a  straight  line  as  represented  by  the  theoretical 
diagram,  Fig.  102.  The  left-hand  dial  contains  the  contacts  and 
double  slider  for  the  1000-ohm  coils,  and  the  right-hand  dial  the 
contacts  and  single  slider  for  the  20-ohm  coils. 

Fig.  104  shows  a  theoretical  arrangement  of  the  foregoing  Slide 
Besistance  Coils  Bridge;  the  oonnections  in  this  diagram  differ 
from  those  shown  in  Fig.  102  in  so  far  that  the  relative  positions  of 
the  battery  and  galvanometer  are  reversed,  but  this  reversal  is  not 
essential  to  the  principle,  as  either  arrangement  can  be  employed. 

A  less  elaborate  set  of  slide  coils  (arranged  by  Dr.  Huirhead) 
which  can  be  used  for  the  same  purpose  as  the  foregoing,  is  shown 
by  Fig.  105.  In  this  set  there  are  43  resistances  only,  and  conse- 
quently the  whole  can  be  made  at  a  considerably  less  cost  than 
the  arrangoment  shown  in  Figs.  103  and  104. 
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Fio.  103. 


Fig.  105. 
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Mbasixbxmxnt  of  Law  BssiSTAHCEa 


8UDE  WIRE  OB  MXTBK  BRIDGS. 

249.  The  simple  slide  wire  bridge  is  a  very  iiseful  arrangement, 

as  a  very  dose  adjustment  can  be  made  by  means  of  it,  and  great 

c  aocoracy  of  measurement  thereby  be  obtained. 


It  is  especially  useful 
resistances  accurately. 


for  measuring  small 


Fio.  107. 

A  form  in  which  this  description  of  bridge 
is  very  generally  constructed  is  shown  by 
Fig.  106. 

The  slide  wire,  which  is  1  metre  long  and 
about  1-5  mm.  in  diameter,  is  stretched  upon 
an  oblong  board  (forming  the  base  of  the 
instrument)  parallel  to  a  metre  scale  divided 
throughout  its  whole  length  into  millimetres, 
and  so  placed  that  its  two  ends  are  as  nearly 
as  possible  opposite  to  the  divisions  0  and 
1000  respectively  of  the  scale. 

The  ends  of  the  wire  are  soldered  to  a 
broad,  thick  copper  band,  which  passes  round 
each  end  of  the  graduated  scale,  and  runs 
parallel  to  it  on  the  side  opposite  to  the  wire. 

This  band  is  interrupted  by  four  gaps  at 
m^,  a,  a;,  and  m,.  On  eadi  side  of  these  gaps, 
and  also  at  B,  C,  and  £,  are  terminals. 

In  the  ordinary  use  of  the  apparatus 
(Fig.  107),  the  wires  from  the  battery  are 
attached  to  the  terminals  B  and  £,  and  the 
galvanometer  is  connected  between  0  and 
the  slider  A;  by  pressing  down  a  knob 
this  latter  is  put  in  contact  with  the  ¥rire. 
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The  oondnctoT  whose  resistanoe  has  to  be  meosared,  and  a 
standard  resistanoe,  are  plaoed  in  the  gaps  at  x  and  a  respectively. 

The  two  gaps  at  mi  and  114  (Fig.  106)  oan  either  be  bridged 
across  by  thick  copper  straps,  or  resistances  of  known  values  can 
be  inserted  in  them ;  it  is  easy  to  see  that  these  resistances  are 
simply  ungradoated  prolongations  of  the  slide  wire. 

250.  If  we  have  no  resistance  in  these  gaps,  then  when  we  have 

eqnilibrinm, 

X      d  d 

-  =  -,    or.    »  =  ap 

As  r  is  merely  a  ratio,  we  do  not  require  to  know  the  absolute 

values  of  d  and  b,  but  only  their  relative  values,  that  is  to  say,  we 
only  require  to  know  the  lengths  of  the  portions  on  either  side  of 
the  slider  A,  and  not  the  renatanees  of  those  portions. 
The  length  k  of  the  slide  wire  is  constant,  that  is, 

b  +  d  =  k,    or,    dsri-b, 
therefore 

but  k  =  1000  millimetres,  and  b  is  usually  called  the  scale  reading, 
therefore  we  have 


^^^/      ^000 j\  j.^, 

\Bcale  reading        /  >    ■' 


For  ettampU. 

The  standard  resistance  a  being  1  ohm,  equilibrium  was  ob- 
tained when  the  scale  reading  was  510 ;  what  was  the  value  of 
the  unknown  resistance  x  ? 

riooo 


,/1000       A       ^^,    , 
a?  =  1  i-T^  -  1  j  «  '961  ohms. 


251.  It  has  been  pointed  out  by  Mr.  Martin  F.  Roberts  that 
equation  [A]  is  the  same  as 

and  that  consequently,  by  the  use  of  a  table  of  reciprocals,  cal- 
culations can  be  considerably  simplified  in  working  out  the  value 
of  X. 
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252.  Equation  [A]  is  only  true  if  the  leeistanoee  betwet-n  the 
ends  of  the  alide  wire  and  the  terminals  B  and  E  are  zero.  But, 
although  it  may  not  appear  bo,  it  is  by  no  means  easy  to  make 
these  resistances  inappreciable ;  even  the  careful  soldering  of  the 
ends  of  the  wire  to  the  copper  straps  introduces  a  resistunce  which 
is  sufficient  to  affect  very  accurate  tests.  Referring  to  Fig.  106, 
in  which  iii  and  n,  ai-e  these  resistances,  we  know  that,  strictly 
speaking, 

X  ^  d  4*  «a . 

a  "  5  +  III ' 
or  that 


=  a(   1000  +  n.  +  n,__^\ 
Vscale  reading  +  n^        / 


To  make  a  strictly  accurate  test,  then,  we  must  know  the 
values  of  n^  and  n,  in  terms  of  the  equivalent  length  of  the  slide 
wire.    These  may  be  obtained  in  the  following  manner : — 

Having  bridged  across  the  gaps  at  fii|  and  m,  with  thick  copper 
straps,  taking  care  that  the  surfaces  in  contact  are  scraped  bright, 
insert  known  resistances  at  a  and  a;,  a  being  rather  larger  than  x ; 
then  having  obtained  equilibrium,  we  have 

a  (d  +  iia)  =  a  (6  +  n^) 

now  reverse  a  and  x^  and  again  obtain  equilibrium.    Lot  the  new 
scale  readings  be  b|  and  d^ ;  we  then  have 

«(di  +  ii3)  =  a(6i  +  »i)- 
By  multiplying  up  and  arranging  the  quantities,  we  have 

an^^  xh  +  xui  ^  ad 
and 

a;  fi2  :=  a  5|  +  a  fii  —  a;  dx ; 
therefore 

a  _  xh  4-  « Wi  —  a  d 

a?  ""  a  6i  +  a  Hi  —  0?  di ' 
that  is 

a* til  ~  ®^"i  =  ^^  ^  axd  '^  a"6i  +  oardi, 
therefore 

_aaj(di-d)  +  a?26-a2  6i 

In  a  similar  manner  we  should  find 

_oa;(6-6i)  +  a;'»di  -  a^d 
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64.(2  =  61+ «li  =  1000, 

d  =  1000  -  6.    and    <li  =  1000  -  61, 

axCb  ^  hi) +  x^h  ^  a^bi      hx^bia 
ni  =  — i '^' — -^ *  = i— ., 

or  -^  or  a  —  05 

^   _  (1000  ->  6,)g  -  (1000  -  6)0 
a  —  a: 


Far  eosan^le. 

In  order  to  determine  n^  and  n,,  resistances  were  inserted  at  a 
and  X  equal  to  3  and  2  ohms  respectively.  Balance  was  obtained 
when  the  scale  reading  b  was  603.  On  reversing  a  and  x^  balance 
was  obtained  when  the  scale  reading  b^  was  399.  What  were  the 
values  of  %  andn,? 

(603X2) -(899X8)  ^3^^ 
^  3-2 

^^(1000  -  899)2  -  (1000  -  603)3  ^  „  ^^ 

The  value  of  a:,  then,  would  be  given  by  the  equation 

X  =:  aM000  +  9+ll_  _  l^  =  aC 1020 jN 

VjBcale  reading  +  9        /         \scale  reading  +9        / 

253.  Although  perfectly  satisfactory  results  may  be  obtained 
with  the  metre  bridge  when  the  latter  is  properly  made,  and  when 
the  measurements  are  carefully  carried  out,  yet  considerable 
trouble  is  often  occasioned  to  inexperienced  persons  by  results 
being  obtained  which  are  obviously  erroneous.  One  most  frequent 
cause  of  error  is  that  occasioned  by  imperfect  contacts ;  great  care 
should  therefore  be  taken  that  the  important  connections,  viz. 
those  at  the  gaps,  should  be  well  made ;  this  should  be  ensured  by 
having  the  various  surfaces  in  contact  made  clean  and  bright  by 
scraping.  Good  contacts  are  best  assured  by  having  mercury  cups 
at  the  gaps  instead  of  screw  terminals ;  care  should  be  taken  that 
the  mercury  in  these  cups  is  in  good  metallic  contact  with  them, 
that  is  to  pay,  it  should  wei  the  metallic  surfaces.  The  mercury 
should  also,  of  course,  be  in  similar  good  contact  with  the  ends  of 
the  wires  or  rods  (the  latter  are  usually  attached  to  the  standard 
rehistances),  which  may  be  dipped  into  the  cups. 
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The  amalgamatioii  of  the  metallio  Burfaces  is  best  effected  by 
BOOuriDg  the  latter  with  emery  paper,  and  then  moistening  them 
with  a  solution  of  nitrate  of  mercury. 

254.  A  form  of  bridge  in 
which  mercury  cups  are  used 
in  the  place  of  terminals  for 
the  more  important  connec- 
tions is  shown  by  Fig.  108. 
This  apparatus  is  also  pro- 
vided with  a  commutator 
for  reversing  the  resistances 
placed  at  a  and  x.  This 
commutator  is  formed  of  four 
mercury  cups  (seen  in  the 
centre  of  the  figure)  forming 
the  comers  of  a  square. 
These  cups  can  be  connected 
by  means  of  the  connector 
shown  in  the  upper  part  of 
the  figure.  This  connector 
is  simply  a  short  bar  of 
ebonite  with  short  copper 
rods  at  its  extremities  and 
at  right  angles  to  the  latter ; 
the  ends  of  these  rods  are 
bent  down  so  that  they  can 
dip  into  the  cups  when  the 
arrangement  is  placed  over 
the  latter.  If  the  connector 
is  placed  over  the  cups  so 
that  the  ebonite  bar  is  in 
the  position  shown  by  the 
dotted  line,  1-2,  then  it  will 
be  seen  that  the  left-hand  imp 
at  a  is  connected  to  the  right- 
hand  cup  at  «»i,  and  the  right- 
hand  cup  at  a;  to  the  left- 
hand  cup  at  nij ;  if,  however, 
the  ebonite  bar  is  in  the  position  shown  by  the  dotted  line,  1-2, 
then  the  left-hand  cup  at  a  is  connected  to  the  left-hand  cup  at  m^ 
and  the  right-hand  cup  at  «  to  the  right-hand  cup  at  wij. 

Even  if  good  contacts  be  assured,  correct  results  cannot  be 
obtained  if  the  standard  resistances  are  incorrect,  or  if  the  slide 
wire  is  not  uniform  in  its  resistance  throughout  its  length. 


Digitized  by 


Google 


TIIK   WIIFATSTONE   BRIDGE. 


241 


Standard  Besistances. 


255.  Where  great  accuracy  is  not  required,  stanrlard  rcbistanoes 
similar  to  those  shown  by  Fig.  109  may  be  used,  but  for  precise 
measurements  a  more  elaborate  pattern  is  necessary. 

256.  The  form  of  standard  resistance  generally  used  for  exact 
measurements  with  the  metre  bridge  is  similar  to  that  shown  by 
Pig.  110. 


Fio.  109. 


Fio   110. 


The  ends  of  the  brass  rods  to  the  left  of  the  figure  dip  into  the 
mercury  cups ;  the  resistance  itself  is  enclosed  in  a  brass  box  and 
bedded  in  paraffin  wax. 

The  particular  pattern  shown  is  an  arrangement  devised  by 
Professor  Chrystal  to  show  whether  the  temperature  of  the  interior 
of  the  brass  box  is  the  same  as  that  of  the  surrounding  air.  It 
contains  a  thermo-electric  couple  with  one  junction  outside  and 
one  junction  inside  the  box;  by  connecting  tKis  couple  (whose 
terminals  are  seen  on  the  upper  part  of  the  box)  to  a  galvanometer 
of  low  resistance,  no  deflection  would  be  produced  if  the  two  junc- 
tions, that  18,  the  paraffin  inside  and  the  air  outside  the  box,  are  at 
the  same  temperature. 

257.  There  are  several  objections  to  the  form  of  standard 
shown  by  Fig.  110  ;  in  the  first  place  the  shell  cannot  be  wholly 
immersed  in  water  (in  order  to  determine  the  temperature  of  the 
resistance)  without  partially  short-circuiting  the  electrodes ;  and 
moreover,  when  the  arrangement  is  used  as  intended,  then  whilst 
the  narrow  or  bottom  portion  of  the  shell  is  in  the  water,  the 
upper  and  more  massive  portion  is  in  the  air,  and  therefore  may 
be  at  a  different  temperature  to  the  bottom  portion ;  hence  arises 
the  doubt  as  to  the  actual  temperature  of  the  enclosed  resistance. 
It  has  to  be  borne  in  mind  that  the  limitation  of  accuracy  14 

B 
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oomparifloiui  of  etandards  of  resistance  is  determined  by  the  diffi- 
culty of  ascertaining  temperature  and  not  in  the  mere  measure- 
ment of  resistance ;  uncertainty  as  to  the  actual  temperature  of  the 
wire  to  the  extent  of  one  or  two-tenths  of  a  degree  Centigrade 
renders  nugatory  elaborate  arrangements  for  very  accurate  measure- 
ment of  resistance.  Again,  if  the  standard  is  immersed  in  melting 
ice  or  snow,  and,  therefore,  cooled  to  0^  C,  deposition  of  dew 
will  take  place  upon  the  upper  surface  through  which  the  rod 
electrodes  protrude,  and  will  thereby  partially  short-drcuit  the 
resistance. 

To  avoid  these  defects  Dr.  J.  A.  Fleming  has  devised  the  very 
excellent  form  of  standard  shown  by  Fig.  111.  The  case  or  shell 
which  contains  the  coil  is  in  the  form  of  a  ring.  This  ring  con- 
sists of  a  pair  of  square-sectioned 
circular  troughs  provided  with 
flanges  which  are  screwed  to- 
gether with  rubber  packing,  so 
as  to  form  a  square-sectioned, 
hollow,  water-tight,  circular 
ring.  From  this  ring  proceed 
upwards  two  brass  tubes  about 
5  or  6  inches  in  length.  Down 
these  brass  tubes  pass  the 
copper  electrodes  or  rods,  and 
these  rods  are  insulated  from 
the  tubes  at  the  top  and  bottom 
by  ebonite  insulators.  The  in- 
sulator at  the  bottom  of  the 
tube,  where  it  enters  the  ring, 
is  a  simple  collar,  that  at  the 
top  has  the  form  of  a  funnel  corrugated  on  its  outer  surface.  The 
actual  resistance  coil  is  a  length  of  platinum  silver  wire,  three- 
fold silk  covered,  saturated  in  ozokerit,  and  enclosed  in  the  groove 
in  the  ring.  The  resistance-coil  is  thus  contained  in  a  thin  ring 
of  metal,  and  can  be  placed  wholly  below  the  surface  of  water  or 
ice.  In  order  to  prevent  surface  leakage  from  one  electrode  to  the 
other,  an  insulating  oil  can  be  placed  in  the  ebonite  funnels. 

The  ring-coils  when  in  use  are  placed  on  rather  shallow  zinc 
troughs,  which  can  be  filled  with  water,  and  are  closed  with  a 
wooden  lid.    The  large  metallic  mass  uf  the  ring  assists  in  quickly 
bringing  the  whole  to  the  temperature  of  the  surrounding  water 
in  which  of  course  an  accurate  thermometer  is  placed. 

258.  A  very  good  pattern  of  standard  resistance  is  that  shown 
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by  Fig.  112,  designed  by  Messrs.  Nalder.    This  form  reduces  to 
a  minimum  the  various  elements  of  error  to  which  the  ordinary 
pattern  ia  liable,  such,  for  instance,  as  the  conduction  of  heat  to 
the    enclosed    resistance    down    the 
copper  legs  from  the  outside. 

269.  The  accuracy  with  which  a 
test  may  be  made  depends  upon  the 
values  of  the  various  resistances,  and 
amongst  these  upon  the  value  given 
to  k.  In  order  to  be  able  to  vary  the 
value  of  this  quantity,  the  gaps  at  nix 
and  flij  (Fig.  106,  page  236)  are  pro- 
vided. 

As  the  resistances  placed  in  these 
gaps  are  simply  prolongations  of  the 
slide  wire,  it  is  necessary  that  their 
values  should  be  known  in  terms  of 

equivalent  lengths  of  the  slide  wire ;  that  is,  we  must  know  how 
many  millimetres  of  the  wire  they  are  equal  to.  lliis  is  best  done 
in  the  following  manner  : — 

Close  the  gaps  at  m^  and  mj  with  the  thick  copper  straps,  and 
place  resistances  of  known  values  at  a  and  x.  Adjust  the  slides 
so  that  equilibrium  is  produced,  then 

/lOOO +  n,  +  n,        \ 


Fio.  112. 


or 


h+n, 
«(6  +  «i)  +  «  (1000  +  nj  -  5)  ; 


Now  insert  one  of  the  resistances,  whose  equivalent  length  m^  in 
millimetres  is  required,  at  the  left-hand  gap,  and  again  obtain 
equilibrium ;  calling  the  new  scale  reading  h^  we  then  have 

«  C^i  +  Wi  +  »»i)  =  «  (1000  +  "2  -  ^i)  > 
by  subtracting  the  one  equation  from  the  other  we  get 


that  8, 
or 


'X  (6  —  bj)  —  05  t»j  =  a  {hi  —  6), 
(b  -  6i)  (a  +  x')^  Wi  Xy 


Digitized  by  LjOOQ  IC 


244  HAKDBOOK  OF  ELECTBICAL  TESTING. 

For  example. 

It  being  required  to  know  how  many  millimetres  of  the  slide 
wire  a  resist anoe  m^  wti^  eqnal  to,  the  scale  reading  6,  with  the  two 
gaps  closed,  was  500  mm.,  and  the  scale  reading  b^,  with  m^  in- 
serted, was  480  mm.,  the  resistances  at  a  and  x  being  6  and  4  ohms 
respectively.     What  was  the  valne  of  m^  ? 

«j  =  (.500  -  480)  ^^  =  50  mm. 

If  we  have  a  and  x  equal,  we  get  the  simplification 
«,  =  (6  -  5,)  2. 

There  are  other  methods  of  determining  the  value  of  ffi],  but  the 
one  given,  besides  being  extremely  simple,  is  very  accurate,  as  it 
is  independent  of  the  quantities  n^  and  n,. 

The  millimetre  values  of  the  resistances  to  be  placed  at  mj 
and  AM,  being  thus  determined,  the  value  of  x  is  given  by  the 
equation 

^  ~  flflQQQ  +  ft,  +  ft,  -h  m,  +  HI,  _  A 
\  scale  reading  +  n^  +  ">i  / 

260.  Let  us  now  consider  the  Best  arrangement  of  reiistancesy 
&c,y  for  making  a  tebt  with  the  metre  bridge  under  favourable 
conditions. 

Now  a  mistake  of  a  millimetre  in  the  position  of  the  slider  will 
make  a  much  greater  error  in  the  result  of  x  worked  out  ftom  the 
formula,  when  the  slider  is  near  the  ends  of  the  wire  than  when 
it  is  near  the  middle.  Thutt,  for  example,  suppose  x  was  1  ohm 
and  a  was  also  1  ohm,  then  we  should  have  the  slidei  standing 
exactly  at  600  if  it  were  properly  adjusted.  Suppose,  however, 
it  was  1  millimetre  out,  then  the  apparent  value  of  x  would  be 


-c^-o--. 


that  is,  we  make  a;,  1  —  *  996,  or  '  004  ohms,  too  small. 

Next  suppose  a  =  9  ohms,  then  for  equilibrium  the  scale 
reading  would  be  900,  and  if  we  make  a  mistake  of  1  miUimetre 
we  should  have 

^/lOOO        \ 

that  is,  we  make  x,  1  -  *990,  or  -010  ohms,  too  small. 
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Lastly,  let  hb  suppose  a  =  ^  ohn\,  then  the  scale  reading  for 
exact  equilibrinm  would  be  100,  and  supposing  there  to  be  an 
error  of  1  millimetre,  we  have 


,  =  1(1222. i)=. 989; 


that  is,  we  make  a?,  1  —  *989,  or  -Oil  ohms,  too  smalL 
To  summarise  the  results^  then,  we  see  that  with 

a  larger  than  x,  error  was  *010,  or  1  per  cent. 
„  equal  to        „      „      „     -004,  or  f        „ 
^  smaller  than,,      „      „     -Oil,  or  1        „ 

The  error,  in  fact,  was  smallest  when  the  slider  was  at  the 
middle  of  the  wire.  We  must,  however,  determine  whether  the 
middle  is  really  the  point  at  which  the  error  is  least. 

Calling  V  the  resistance  of  the  slide  wire  and  its  prolongations 
flij,  m,  and  V  the  scale  reading  plus  the  prolongation  Wi,  let  there 
be  an  error  X  in  x  caused  by  an  error  —  8  in  6',  then 


But 


a:  =  a(^-l). 


or 


^  =  «(64r8-i)-*- 


or,     a  = 


therefore 


X  =  x 


6'- 


-  1 


^-1 

L    v 


-  1 


v--" 


c-S 


(h'  -S)(V-V)' 


or  rinoe  8  is  a  veiy  small  qnantity,  we  may  say, 

£'8 


k=x 


V{k-b') 


[A] 


Now  we  have  to  make  X  as  mnaU  as  possible ;  this  we  shall  do, 
since  x  and  k  are  constant  quantities,  by  making  V  (V  —  V)  as 
large  as  possible. 
But 
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and  to  make  this  expreBsion  as  large  as  possible,  we  must  make 

M 

-  —  ('  as  small  as  possible;  that  is,  since  V  must  be  positive,  we 

must  make  it  equal  to  0,  or 

|-6'  =  0;thati8.6'=|'; 

which  proves  the  truth  of  the  supposition. 

To  obtain  the  slider  as  near  to  the  middle  of  the  wire  as  possible 
when  equilibrium  is  produced,  we  must  make  a  as  nearly  as  possible 
equal  to  x. 

If  in  equation  [A]  we  put 

X  =  j^of«,    and,    6r  =  |. 
we  get 

to  that  if  when  the  slider  is  near  to  the  centre  of  V  we  can  adjust 
the  slider  to  an  accuracy  of  1  division  (8),  then  if  V  consisted  of 
1000  parts  (as  wonld  be  the  case  if  there  were  no  prolongations 
n>„  m,),  we  conld  measure  the  value  of  «  to  an  aoouraoy  of 

400X  1         . 
-^^^  =  •4  per  cent. 

261.  In  order  to  make  a  measurement  in  this  manner,  as  we 
have  seen,  it  is  necessary  for  a  to  be  approximately  equal  to  x. 
Now  in  many  cases  there  wotQd  be  no  difficulty  in  arranging 
that  such  should  be  the  case.  Thus,  for  example,  suppose  it  were 
required  to  measure  the  conductivity  of  a  sample  of  wire,  then  in 
this  case  we  should  take  a  sufficient  length  of  the  wire  to  give  a 
resistance  approxinuUdy  equal  to  a,  and  then  having  measured  the 
exact  length  taken,  we  i^ould  ascertain  its  eaDoet  resistance  by 
adjusting  the  slider  until  equilibrium  was  obtained. 

262.  If  we  wish  the  measurement  to  be  made  to  a  higher 
percentage  of  accuracy  than  can  be  made  with  the  slide  wire  ib 
alone,  then  we  must  add  equal  resistances,  mi  and  m^  at  each  end 
of  the  wire  so  as  to  increase  the  value  of  k. 

Since 

4008 
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therefore 

,,      400  8 


80  that  if  we  wish  to  meoBnre  a;  to  an  aconracy,  say,  of  *  1  per 
oent*y  then  we  must  make  V  equal  to 

that  is  to  say,  we  mnst  add  resistances  m^  and  m^  at  each  end  of  i, 
eaoh  equivalent  to  1500  millimetres  of  the  wire  k.  It  mnst  be 
recollected,  however,  that  there  will  be  no  advantage  in  thus 
increasing  the  length  of  h^  unless  the  figure  of  merit  of  the  galva- 
nometer employed  is  sufficiently  high  to  enable  a  movement  of  the 
slider  to  a  distance  of  1  division  from  its  correct  position,  to  pro- 
duce a  perceptible  movement  of  the  needle. 

If  the  resistance  to  be  measured  is  not  one  which  admits  of 
adjustment,  then  in  order  to  obtain  a  satisfactory  measurement  we 
must  add  a  resistance  on  to  one  or  other  of  the  ends  of  X;,  according 
as  a;  is  larger  or  smaller  than  a ;  or  we  may  add  resistances  to  both 
ends,  their  values  being  unequal. 

If  in  equation  [A]  (page  245)  we  put 

«  =  a(|-.l),     or,     f  =  V?±^,  [1] 

then  we  get 

A y       » 


or  if  we  put 


we  have 


100(^  +  l)j 


100(a  +  a>)8  ,_ 

X= ^ ,      or,      6 ^ 

From  this  equation  we  can  see  that  no  matter  what  are  the 
relative  values  of  a  and  cr,  still  V  can  always  have  a  value  which 
will  enable  a;  to  be  obtained  to  any  percentage  of  accuracy  V ;  that 
is,  of  course,  provided  the  figure  of  merit  of  the  galvanometer  be 
sufficiently  high  for  the  purpose. 
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For  example. 

It  is  required  to  measnre  the  exact  value  of  a  resistance  x, 
whose  approximate  value  is  five  times  that  of  the  reslKtanoe  a ; 
what  must  be  the  value  of  II  in  order  that  the  measurement  may 
be  made  to  an  accuracy  of  *5  per  cent?  The  adjustment  of  the 
slider  can  be  determined  to  an  accuracy  of  1  division. 


■G+O' 


100{-+1    1 

V ^-r-—  =  240. 

•6 

From  equation  [1]  (page  247)  we  get 

t'  =  240(^l+Y^  =  1440, 

consequently  since  k  consists  of  1000  divisions  we  must  add  a 
prolongation  nt,  equal  to  not  le>s  than  440  divisions,  on  to  X;.  ' 

We  may  of  course  make  the  prolongation  larger  than  440 ;  in 
fact,  in  practice  we  should  have  to  do  so  unless  we  had  a  resistance 
available  of  the  exact  required  value ;  but  it  must  not  be  too  large, 
otherwise  the  position  of  balance  for  the  slider  would  be  at  some 
point  on  m^  instead  of  on.  the  wire  k.    In  fact,  nt,  must  not  be 

greater  than  — . 

If  it  bhould  happen  that  in  order  to  obtain  a  particular  per- 
centage of  accuracy  it  is  necessary  that  V  should  exceed  ifc,  then 
in  this  case  it  would  be  necessary  to  have  a  prolongation  nii  in 
addition  to  the  prolongation  m^ ;  the  latter  quantity  in  this  case 

X 

must  not  exceed  (k  +  «iij)  -  • 

In  the  last  exampls  we  have  supposed  a;  to  be  less  than  a.  If, 
however,  x  is  greater  than  a,  then  6'  will  probably  have  to  be 
greater  than  Jb,  in  which  case  of  course  we  should  have  to  add. 
the  prolongation  m^  in  the  place  of  the  prolongation  fn,,  the 

value  of  m^  being  such  that  it  does  not  exceed  k  ~,  unless  we  also 

x 

add  a  prolongation  m^  in  addition  to  m^,  in  which  case  m^  must 
not  exceed  (Jfe  +  m^  -  • 

X 

We  have  seen  that  by  means  of  m^  and  ntj — the  values  of  which 
can  be  determined  in  the  manner  shown  in  §  259  (page  243) — we 
can  theoretically  arrange  that  the  value  of  x  can  be  assured  to 
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any  required  degree  of  accnracy,  no  matter  what  the  relative 
values  of  x  and  a  may  be.  This,  however,  oan  only  be  the  case 
provided  the  figure  of  merit  of  the  galvanometer  is  such  as  to 
enable  the  slider  to  be  adjusted  to  an  accuracy  of  1  division. 
The  figure  of  merit  of  the  galvanometer,  therefore,  as  in  other 
tests,  is  the  limit  to  the  *'  Possible  degree  of  aocuraoy  attainable." 
This  limit  can  be  determined  from  equation  [2]  (page  217)  in  the 
following  manner : — 

Let  X  be  the  error  in  x,  caused  by  V  being  -^th  of  a  unit  out  of 
adjustment,  then  we  have 

n  •  • 

and  since  a  d'  =  h'x,  and  ~  is  a  very  small  quantity,  we  get 

_  1    a  +  x 

we  have  then  from  equation  [2]  (page  217)  by  putting  d  =  — , 

CI 


In  order,  therefore,  that  h'  may  be  able  to  have  the  value 
necessary  to  ensure  x  being  measured  to  the  required  degree  of 
accuracy,  the  value  of  c^  must  not  be  less  than  that  given  by  the 
above  equation. 

As  the  values  of  g,  d^  x,  and  r  are  mostly  easily  obtained  in 
ohms,  the  value  of  V  corresponding  to  the  number  of  divisions  of 
which  it  would  consist  must  be  in  ohms  also ;  ^,  likewise,  will 
have  to  be  the  resistance,  in  the  fraction  of  an  ohm,  corresponding 
to  1  division  (or  fraction  of  a  division,  if  the  slider  can  be  adjusted 
to  a  closer  accuracy  than  1  division)  of  the  wire  h 

For  example. 

In  the  last  example  it  was  required  to  be  known  whether  a 
galvanometer  whose  resistance  was  1  ohm  {g),  and  whose  figure 
of  merit  was  •0002  (Cj)  would  be  suitable  for  the  purpose  of 
making  the  measurement  in  qjiestion.    The  resistance  of  the  slide 
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wire,  which  was  divided  into  1000  divimoiiB  (h\  was  5  duns ;  the 
resiBtanoe  a  was  1  ohm,  and  the  resistance  x^  5  <dims  approximately. 
The  actual  value  of  the  prolongation  added  to  ib  was  such  as  to 
make  V  equal  to  1560.  The  resistance  of  the  battery  was  5  ohms 
(r),  and  its  eleotromotive  force  2  volts  (E)  approximately. 

Since  h  =  1000,  therefore  i  =  —-r-  =  -0005. 

lOvU 

Also  (from  equation  [1],  page  247)  we  have 

-,        ak        IX  1500      ^^^  ..  .  .  -5  X  260         ,^    , 

6'  s  — ; —  =  --; ^-  =  260  divisions  s  — ^^^^      =  -13  ohms  ; 

a  -f «         1+6  1000 

therefore 

2  X  -0005  X  —^ 
•13 

{^(•13  +  1) +  5  +  1  [{5 +  1+5+^1 

•046  ^^^„ 

=  '0008, 


(11-65)  (49-46) 

which  is  greater  than  -0002,  the  figure  of  merit  of  the  galva- 
nometer in  question,  consequently  the  latter  instrument  is  well 
suited  for  the  purpose  for  which  it  is  required. 

263.  The  resistance  of  the  galvanometer  employed  in  m^Hnng 
a  bridge  test  is  an  important  point,  especially  as  regards  the 
measurement  of  small  resistanoes. 

In  the  case  of  the  ordinary  bridge  test,  we  can  adjust  within 
1  unit,  and  in  the  case  of  the  slide  wire  bridge,  we  can  adjust 
within  1  millimetre  of  the  wire ;  if  then  the  galvanometers  em- 
ployed in  these  cases  are  such  that  when  we  are  1  unit  or 
1  millimetre  from  exact  equilibrium  we  obtain  perceptible  deflec- 
tions of  the  needles,  then  we  have  what  we  require,  whatever  the 
resistances  of  the  galvanometers  may  be. 

In  the  ordinary  form  of  bridge,  where  the  adjustable  reeisi- 
ances  are  not  capable  of  being  adjusted  to  a  greater  accuracy 
than  1  unit,  a  Thomson's  galvanometer,  like  those  shown  on 
pages  51  to  53,  and  which  has  a  resistance  of  about  5000  ohms^ 
gives,  under  all  circumstances,  a  very  large  deflection  when  the 
adjustment  is  only  1  unit  from  equilibrium.  In  ilie  case  of  the 
slide  wire  bridge,  however,  where  to  be  1  millimetre  from  exact 
equilibrium  means  to  be  only  §i^sJih  of  an  ohm,  or  even  less,  out, 
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a  giilyanometer  of  snoh  a  high  resistanoe  as  5000  ohms  would  not 
be  found  to  give  a  peroeptible  deflection. 

The  reason  of  this  is,  that  such  a  galvanometer  is  practically 
short-circuited  by  the  very  low  resistance  it  has  between  its 
terminals. 

The  question  of  galvanometer  resistance  is  considered  at  length 
in  Chapter  XXY.,  and  it  is  there  shown  that  it  is  best  that  the 
instrument  should  have  a  resistance  not  more  than  about  10  times, 

or  less  than  about  i^th,  —  •  Of  course  in  practice  we  cannot 

adjust  the  resistance  to  meet  every  particular  case,  but  the  limits 
given  are  sufficiently  wide  to  enable  an  instrument  to  be  made 
which  would  prove  satisfactory  for  most  purposes  for  which  the 
metre  bridge  is  adapted ;  moreover,  if  a  particular  galvanometer 
does  not  prove  to  be  suitable  for  a  particular  purpose,  we  can 
ascertain,  by  the  help  of  the  above  rule,  whether  the  cause  is  due 
to  its  resistance  being  too  high  or  too  low. 

It  should  be  clearly  understood  that  when  we  speak  of  the 
resistance  of  the  galvanometer  we  mean  the  resistance  of  the 
instrument  itself,  and  not  the  resistance  in  its  circuit;  thus,  if 
according  to  calculation  it  were  proved  that  the  galvanometer 
resistance  should  be  1  ohm,  then  it  would  not  be  carrying  out  the 
rule  if  we  took  an  instrument  having  a  resistance  of,  say,  ^  of  an 
ohm,  and  added  a  resistance  of  |  of  an  ohm  in  its  circuit,  for  this  f 
of  an  ohm  would  be  an  addition  to  the  external  drouit  and  not  a 
part  of  the  resistance  of  the  galvanometer  itself. 

Under  no  conditions  should  the  battery  be  joined  between  A 
and  C,  and  the  galvanometer  between  B  and  E,  for  in  such  a  case 
the  battery  current  in  passing  from  the  slider  to  the  wire  would  be 
liable  to  injure  the  surface  of  the  latter. 

To  sum  up,  then,  we  have 

Conditiona  necessary  far  nudnng  the  Test  to  any  regtUred 
Decree  of  Accuracy. 

264.  The  number  of  divisions  of  which  V  must  consist  in  order 
that  X  may  be  measured  to  an  accuracry  of  X'  per  cent,  must  be  not 
2«M  than 


100  ( 


8  being  the  number  of  divisions,  or  the  fraction  of  a  division,  to 
which  it  is  possible  to  adjust  the  slider. 
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If  prolongations  are   neoeasary,  then   Wi  must  not  exoeed 
(k  +  m^f  -,  and  m,  miut  not  exceed  (h  +  mA  -• 

The  figure  cf  merit  of  the  galvanometer  must  he  not  less  than 

a  +  X 


E8.: 


V 


where  E  is  in  Tolts  and  aU  the  other  quantities  (including  V  and 
(T)  are  in  ohms. 

Po89ible  Degree  of  Aecuraey  attainable. 
Percentage  of  accuracy  =  -rr(""  +  l)8- 


Measurements  by  Caret  Foster's  Method. 

265.  This  method,  devised  by  Prof.  Carey  Foster,*  consists  in 
determining  the  value  of  the  unknown  resistance  in  terms  of  an 
equivalent  length  of  the  slide  wire ;  this  is  effected  in  the  follow- 
ing way  :— 

The  resistance,  x,  whose  value  is  to  he  determined,  is  placed  in 
the  left-hand  gap  (Fig.  118),  and  resistances  r^  r,,  the  ratio  of 


H--N  / — ^ 


Fig.  lis.  Fio.  114. 

whose  values  does  not  differ  from  unity  more  than  does  that  of 
the  resistance  to  be  measured  and  the  resistance  of  the  whole 
slide  wire,  are  placed  in  the  two  centre  gaps ;  the  right-hand  gap 
is  clceed  by  a  conductor  without  sensible  resistance. 

The  slider  is  now  adjusted  until  equilibrium  is  obtained,  and 
the  reading  h  is  noted,  x  is  then  transferred  to  the  right-hand 
gap,  and  the  left-hand  gap  is  closed  by  a  conductor  without 

*  *  Journal  of  the  Society  of  Telegraph-Engineen,*  vol.  i.  p.  196. 
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Bensible  resiBtanoe  (Fig.  114) ;  the  slider  is  agalin  adjasted  and  the 
reading  hj  noted. 

Ocdling  111  the  resistance  of  the  portion  of  the  copper  strap 
between  B  and  the  left-hand  end  of  the  slide  wire,  and  Aj  the 
rebistance  of  the  portion  of  the  strap  between  E  and  the  right- 
hand  end  of  the  slide  wire;  also  calling  r^  the  total  resistance 
between  the  points  B  and  G,  and  r^  the  total  resistance  between 
the  points  C  and  E ;  finally  calling  h  and  b^  the  respective  resist- 
ances of  the  portions  of  the  slide  wire  in  the  two  tests,  and  calling 
I  the  total  resistance  of  the  slide  wire,  we  have 


and  also 
therefore 
therefore 
therefore 


i\  _  a?  +  »i  +  ft 
Tj       I  —  h  +  n2 

rji      Z  -  6i  -f-  nj  -h  » ' 

a;  -f  «i  -h  ft  _         Wi  +  fti 

i  -  6  -h  nj       l^h^^n^  +  x' 

a?  +  til  +  ft  .  2  _         »i  -i-  fti  ,  J. 

l^h+n^  l-^h^  +  n^+x         ' 


oj  -I-  fij  +  h  +  l  —  h  +  n2  _  tt|  -h  fti  -t-  ?  —  ft^  -(-  n^  +  a; . 
i  —  ft  -h  n^  I  —  hi  +  n2  +  X  ' 

therefore 

Z  -  ft  -h  Ha  =  ^  -  fti  +  «a  +  «» 
or 

oj  =  6i  —  ft. 

In  order  to  make  this  formula  nsefal  we  must  know  the  resist- 
ance per  millimetre  of  the  slide  wire,  since  ft^  and  ft  on  the  scale 
represent  not  resistances  but  lengths.  The  simplest  method  of 
doing  this  is  to  take  a  test  in  the  foregoing  manner,  giving  the 
resistance  x  a  known  value,  *  1  ohm  for  example ;  in  the  latter 
case,  since 

•1  =fti-ft 

the  difference  between  the  two  scale  readings  multiplied  by  10 
gives  the  number,  v,  of  millimetres  corresponding  to  1  ohm  resist- 
ance, and  therefore  when  we  make  a  test  to  determine  an  unknown 
resistance, «,  we  get 

_ft~fti 


X  = 
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The  aoovacy  of  the  test  depends  upon  the  oondnctor  with 
which  the  unknown  resistance,  x,  is  interchanged,  having  practi- 
cally no  resistance;  it  should,  therefore,  be  made  of  as  massiye 
and  short  a  piece  of  copper  as  possible,  and  the  connections  should 
be  made  by  means  of  mercury  cups.* 

The  great  merit  of  Professor  Foster's  method  lies  in  the  £ftct, 
that  the  measurements  are  independent  of  the  resistances  of  the 
yarious  parts  of  the  copper  band. 

266«  Professor  Foster  points  out  that  inasmuch  as  by  his 
method  the  value  of  a  resistance,  s,  can  be  determined  in  terms  of 
a  certain  length  of  the  slide  wire,  therefore  if  «  be  made  a  known 
resistance  and  the  slide  wire  itself  be  formed  of  a  portion  of  wire 
whose  resistance  per  unit  length  is  required,  this  latter  resistance 
can  easily  be  determined.  Such  a  method  would  give  very  accurate 
results,  and  is  as  good  as  *'  Thomson's  Bridge  "  method  which  was 
devised  by  Sir  William  Thomson  for  the  same  purpose,  and  is  as 
follows : — 

Thomson's  Bridge. 

267.  The  arrangement  of  this  bridge  is  shown  by  Fig.  115 ;  its 
object  is  the  accurate  measurement  of  the  resistance  of  a  portion 
of  a  conductor  of  low  resistance,  lying  between  two  points,  errors 


TrHHF 


Fio.  lid. 

due  to  imperfect  connections  being  avoided.  In  the  figure,  B  F  is 
the  conductor,  the  resistance  h  of  the  corresponding  length,  1-2,  of 
which  requires  to  be  determined.    F  E  is  a  standard  slide  wire 

*  As  a  rale  the  oape  at  each  side  of  a  gap  are  too  Braoll  and  are  not  pat  cloee 
enough  together,  the  conseqaence  heing  that  a  oonductor  osed  for  bridging  o?er  a 
gap  &  oomparatiTely  long  and  has  a  sensible  resistance.  The  cups  oaffht  to  be 
of  large  dimensions,  and  so  dose  together  as  almost  to  touch,  the  bridge  piece 
could  then  be  made  so  massive  and  short  as  to  be  practically  of  a  negligible 
resistance.  The  ends  of  this  piece  should  be  quite  flat,  so  as  to  lie  closely  in 
contact  with  the  bottom  of  the  cups. 
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whose  resistanoe  per  unit  length  is  aocnrately  known.  Now  when 
we  have  eqailibrimn  we  see  from  equation  [A]  (page  232)  that  we 
have 

«      d(pj  +  p,  +  K)  +  Kp/ 
by  multiplying  up  and  arranging  we  get 


Now  if  we  have 

we  get 
or 


Pi  +  Pa  +  K 
—  =  — ,    that  IS,    X  pi^  ap2 

Pi  P2 

a  (2  —  5  a;  =  Oy 


6  =  d?; 

X 


from  which  we  see  that  the  value  of  ft  is  independent  of  the 
resistanoe  of  any  of  the  connections  provided  the  contacts  at  the 
points  1,  2,  3,  and  4  are  small  compared  with  the  resistanoes 


'^■'Hii„.„ 


Pig.  lltf. 

a,  pi,  p^  and  a;,  which  by  making  these  resistances  high  enough, 
will  practically  be  the  case.  The  points  1,  2,  3,  and  4  should 
be  knife  edges,  so  that  the  exact  distance  between  1  and  2,  and 
between  3  and  4  can  be  properly  determined. 

Fig.  116  shows  a  practical  form  of  the  apparatus. 
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Mkasukehxnt  of  Low  Bdistancsb  by  thb  PomrnoMBTiB. 

268.  One  of  the  most  satis&ctoiy  metfiods  of  measiiring  a  low 
renstaDoe  is  by  means  of  a  potentiometer  (§  226,  page  206).  This 
is  effected  by  placing  the  resistance  to  be  measured  in  series  with 
a  resistance  of  standard  value,  and  then  passing  a  constant  current 
through  the  two  resistances,  wires  being  led  ftom  the  terminals  of 
the  latter  to  the  potentiometer.  By  measuring  accurately  the 
Talnes  of  the  potential  differences,  that  is  the  electromotive  forces, 
between  the  ends  of  the  two  resistances  the  relative  values  of  the 
latter  are  at  once  obtained,  since  the  resistance  values  are  exactly 
proportional  to  the  potential  differences.  To  ensure  accuracy  it  in, 
of  course,  necesfary  that  the  current  be  maintained  absolutely 
constant,  and  that  the  standard  resistance  be  perfectly  correct  A 
*' direct  reading  potentiometer,*'  which  is  very  convenient  and 
suitable  for  the  purpose,  is  described  in  the  Appendix. 


Measurement  of  the  Conductivity  Resistance 
OF  A  Telegraph  Line. 

Direct  Method, 

269.  When,  by  means  of  the  bridge  (Fig.  96,  page  210),  we  are 
measuring  the  conductivity  resistance  of  a  wire  whose  further  end 
is  not  at  hand,  we  should  join  one  end  to  terminal  G,  put  the 
further  end  to  earth,  put  termiual  £  to  earth,  and  then  measure 
in  the  usual  way. 

Loop  Method, 

270.  It  is  always  as  well,  however,  when  possible,  to  measure 
without  using  an  eai-th,  by  looping  two  wires  together  at  their 
further  ends,  the  nearer  ends  being  joined  to  terminals  E  and  C 
respectively ;  thip  gives  the  joint  conductivity  resistance  of  the 
two.  Errors  consequent  from  earth  currents,  or  a  defective  earth, 
&c.,  are  theieby  avoided.  We  cannot,  however,  by  this  means, 
obtain  the  conductivity  resistance  of  each  wire  separately. 

Measurement  of  the  Individual  Beeistance  of  Three  Wires, 

If,  however,  we  have  three  wires  at  hand,  we  can  by  three 
measurements  obtain  the  conductivity  resistance  of  each  wire, 
without  using  an  earth.     This  is  effected  as  follows: — 
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Let  the  three  wires  be  nnmbered  respectively  1, 2,  and  3.  First 
loop  wires  1  and  2,  at  their  farther  ends,  and  let  their  resistance 
be  K^.  Next  loop  wires  1  and  3,  and  let  their  resistance  be  B,. 
Lastly,  loop  2  and  3,  and  let  their  resistance  be  B3.  Supposing  the 
respective  resistances  of  1,  2,  and  3  to  be  r^,  r^,  and  r^y  we  get 


»-l 

+  r. 

=  Ki 

»"l 

+  »-3 

=  R, 

•■J 

+  »-3 

=  K, 

Now,  since  each  of  the  wires  is  looped  first  with  one  and  then 
with  the  other  of  the  other  two,  it  is  evident  that  the  sum  of. 
the  three  measurements  will  be  the  sum  of  the  individual  resist- 
ances of  the  three  wires  taken  twice  over,  and  consequently 

R     I    R     h  R 

— ^ ^  must  be  the  sum  of  the  resistances  of  the  three 

wires.  If,  then,  we  subtract  B^  from  this  result,  the  remainder 
must  be  the  resistance  of  r^.  Similarly,  if  we  subtract  Bj  from 
the  same,  the  remainder  will  give  us  rj ;  and  lastly,  by  subtract- 
ing B3,  we  get  the  value  of  r^ 

For  example. 

The  conductivity  resistance  of  each  of  three  wires,  Nos.  1,  , 
and  3,  was  required.  Nos.  1  and  2  being  looped,  the  resistance  (R^) 
was  found  to  be  300  ohms«  Nos.  1  and  3  looped  gave  a  resistance 
(Bj)  of  400  ohms.  Lastly,  Nos.  2  and  3  looped  gave  a  resistance 
(R3)  of  600  ohms.     Then  :— 

Added  resistance  of  the  three  wires  will  be 

300-1-400-1.600       ^^^    ^ 

=  600  ohms; 

2 

therefore, 

Besistance  (r^)  of  No.  1  wire  =  600  -  500  =  100  ohms. 
(rO       „      2     „     =  600  -  400  =  200      „ 
(ra)       „      3     „     =600-300  =  300      „ 

By  this  device,  then,  we  are  enabled  to  eliminate  all  sources  of 
error  without  making  a  greater  number  of  measurements  than 
would  be  required  if  we  measured  each  wire  separately,  by  using 
an  earth.     (See  also  §  272.) 

s 

Digitized  by  LjOOQ  IC 


258  HANDBOOK  OF  KLBCTKICAL  TESTING. 


MSASUREMKliiT  OF  THE  BeSISTAHOB  OF  AN  EaRTH. 

271.  By  means  of  a  method  Tery  similar  to  the  foregoing  we 
can,  if  we  have  two  wires  at  onr  disposal,  measure  the  resistance 
of  the  earths  at  the  ends  of  the  lines*  The  following  is  the  way 
in  which  this  can  be  done : — 

Let  the  two  wires  be  numbered  respectively  1  and  2.  First 
loop  the  two  wires  at  their  further  ends,  and  let  the  measured 
resistance  of  the  loop  be  B^.  Next  have  No.  1  wire  put  to  the 
earth  at  its  farther  end,  and  measure  the  resistance,  which  will 
be  that  of  the  wire  and  earths  combined ;  let  this  total  resistanoe 
be  B^.  Lastly,  have  wire  No.  2  put  to  the  earth  at  the  distant 
station,  and  measnre  the  total  resistanoe,  which  we  will  call  Bg ; 
then  by  adding  B^,  B4,  and  B5  together,  and  dividing  the  resnlt 
by  2,  we  get  the  sum  of  the  resistances  of  the  two  wires  and 
the  earth ;  by  subtracting  from  this  result  the  resistances  of  the 
two  looped  wires  the  remainder  will  be  the  resistance  of  the  earths. 

272.  By  means  of  a  test  made  in  this  manner  we  can  deter- 
mine not  only  the  resistance  of  an  earth,  but  also  the  in- 
dividual resistance  of  two  wires;   for  if  we  subtract  B4  from 

B.  4-  B    4-  B 

-^ ^^ ^f  the  result  will  be  the  resistance  of  wire  No.  2, 

and  if  we  subtract  B^  instead  of  B4,  then  the  result  wiU  be  the 
resistance  of  wire  No.  1.  Such  a  test,  however,  although  it 
eliminates  errors  due  to  defective  earths,  does  not  eliminate  errors 
due  to  earth  currents.  But  inasmuch  as  it  is  a  test  which  is 
applicable  when  only  ttoo  wires  can  be  had,  it  is  useful,  since  the 
earth  current  errors  can  be  eliminated  by  a  method  which  we 
shall  investigate  (§  277,  page  261). 

Pameroy*8  Method.* 

273.  This  method  is  shown  by  Figs.  117  and  118.  Any  line 
wire  (Line  1)  is  connected  up  with  the  Wheatstone  Bridge  and  the 
"Earth"  (A)  which  is  to  be  tested  (Fig.  117).  Line  1  is  put  to 
earth  at  the  further  end.  Balance  is  obtained  on  the  bridge  in  the 
usual  way.    Let  the  resistance  required  to  balance  be  B,  and  let 

X  =  resistance  of  the  earth  A 

y  =       If         9>        «  B 

Lj  =  „  „       Line  1, 

then 

a  B  =  6  (Li  +  y  +  «)  [1] 

*  *  Electrical  Review,'  April  20th,  1888. 
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The  oonnections  are  now  altered  as  shown  by  Fig.  118L  The 
zinc  pole  of  the  battery  in  this  case,  instead  of  going  direct  to 
the  earth  A,  is  connected  with  a  second  line  (Line  2)  which  mns 
in  a  dififerent  direction  to  Line  1  (preferably  at  about  right  angles 
to  it),  and  which  is  pnt  to  earth  at  the  further  end.  A  second 
balance  is  then  obtained  on  the  bridge.  Let  the  adjusted  resist- 
ance required  to  do  this  be  r,  then 


that  is 


a  (a?  +  r)  =  6  (Li  +  y) 
aa  +  ar  =  6(Li  +  y);  [2] 

and  subtracting  equation  [2]  from  equation  [1]  we  get 


or 
that  is 


a?  (a  +  &)  =  a  (B  -  »•) ; 


or  if  a  and  h  are  equal 


~     a  +  b    ' 
R-r 


that  is  half  the  difference  between  the  two  renstances. 


LinjL± 


Xutel 


Fio.  117. 


Fig.  118. 


As  it  is  desirable  in  making  the  two  tests  that  the  current 
passing  at  the  earth-plate  in  both  cases  should  be  approximately 
equal,  the  battery  power  for  taking  the  second  test  should  be 
rather  greater  than  that  used  in  taking  the  first.  If  a  simple 
form  of  galvanometer  be  kept  in  circuit  with  the  battery,  and 
the  battery  be  so  adjusted  that  the  deflections  of  this  galvano- 
meter are  about  the  same  in  both  tests,  then  the  current  passing 
at  the  earth  A  will  be  about  the  same  in  both  cases. 
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The  object  of  joining  np  the  battery  for  the  second  test  in  the 
way  shown  by  Fig.  118  is  to  arrange*  that  the  current  flowing  out  N^ 
at  the  earth-plate  under  test  (A)  may  be  in  the  same  direction  as 
it  is  in  the  flrst  test. 


Measurement  op  the  Insulation  Resistance  of  a 
Telegraph  Line. 

274.  In  measuring  the  insulation  resistance  of  a  wire,  the  con- 
nections would  be  the  same  as  for  conductivity  resistance,  except 
that  the  further  end  of  the  wire,  instead  of  being  put  to  earUi,  * 
would  be  insulated. 

275.  It  sometimes  happens  that  we  require  to  find  the  insula- 
tion resistance  of  two  sections  of  one  wire,  but  we  can  only  test 
from  one  end. 

Now,  if  we  join  several  wires  together,  one  in  front  of  the 
other,  it  is  evident  that  the  total  insulation  resistance  of  the  com- 
bination will  diminish  according  to  the  number  of  the  wires  and 
according  to  the  insulation  resistance  of  each  of  them.  The  law 
for  the  total  resistance,  in  fact,  will  be  the  same  as  that  for  the 
joint  conductor  resistance  of  a  number  of  wires  joined  up  in 
multiple  arc  (page  90).  That  is  to  say,  the  total  insulation  resist- 
ance of  any  number  of  wires  joined  together  will  he  equal  to  the  reci- 
procal of  the  sum  of  the  reciprocals  of  their  respective  insulation  re- 
sistances. As  a  matter  of  fact,  it  is  immaterial  whether  the  wires 
be  joined  together  one  in  front  of  the  other  or  are  all  bunched  \ 
together :  the  law  of  the  joint  insulation  resistance  is  the  same  in 
both  cases,* 

A B C 

Suppose,  then,  A  0  to  be  the  wire  which  is  required  to  be 
tested  for  insulation  resistance  from  A  in  two  sections,  A  B  and 
B  C.  Let  a  be  the  insulation  resistance  of  the  section  A  B,  and 
h  the  insulation  resistance  of  the  section  B  G ;  and  suppose  x  to 
be  the  insulation  resistance  of  the  whole  wire  from  A  to  C,  then 
we  have 

ah 
a-(-  6 
from  which 

ax 


h  = 


a  —  a; 


*  This  is  not  the  case  if  the  insulation  resistances  are  yerv  low,  as  the  resist- 
ance of  the  conductor  then  comes  into  question  and  modifies  the  result. 
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All  we  have  to  do,  therefore,  suppoeing  we  are  testing  from  A, 
is  first  to  get  the  end  G  insulated  and  to  measure  the  insulation 
resistance;  this  gives  us  x.  Next  get  the  wire  separated  at  B, 
and  the  end  of  the  section  AB  insulated.  Again  measure  the 
insulation  resistance ;  this  gives  us  a.  Then  from  the  two  results 
b  can  be  calculated. 


For  example. 

The  insulaiion  resistance  («)  of  the  whole  wire,  from  A  to  C, 
was  found  to  be  6000  ohms,  and  that  from  A  to  B  (a),  24,000 
oha:s.    What  was  the  insulation  resistance  (6)  of  the  section  B  ? 

5=.;^';;;x;;;;  =  8oooohms. 

24,000  -  6000 

276.  To  obtain  the  conductivity  resistance  of  one  section  of  a 
wire  when  the  resistance  of  the  other  section,  and  also  of  the 
whole  wire,  is  known,  we  have  only  to  subtract  the  resistance  of 
the  one  section  from  the  resistance  of  the  whole  section.  The 
truth  of  this  is  obvious. 


Measurement  of  the  Conductivitt  Eesistance  of  Wires 

TRAVERSED  BY  EaRTH  CURRENTS. 

277.  When  the  conductivity  resistance  of  a  line  of  telegraph  is 
measured  by  having  the  further  end  of  the  line  put  to  earth,  the 
presence  of  earth  currents,  that  is  to  say,  the  currents  set  up  by 
electrical  disturbances  over  the  surface  of  the  earth,  and  also 
currents  due  to  the  polarisation  of  the  earth  plates,  renders  the 

formula  aj  =  d  ri  when  equilibrium   is  produced,  incorrect.     To 

obtain  the  true  value  of  the  resistance  of  the  wire,  therefore,  a 
different  formula  is  necessary. 

Equilibrium  Method. 

278.  In  Fig.  119  let  E  be  the  electromotive  force  of  the  testing 
battery,  E^  the  electromotive  force  of  the  earth  current,  whose  value 
will  be  +  or  —  according  to  its  direction,  and  let  a,  6,  d^  a?,  and  r, 
bo  the  resistances  of  the  various  parts  of  the  bridge ;  then  d,  c'\ 
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c"',  Ci,  and  Cg  being  the  current  strengths  in  the  different  branches, 
we  have  by  Kirchoff's  laws  (page  178),  when  equilibrium  ia  pro- 


duced, the  following  equations  connecting  the  resistances,  current 
strengths,  and  electromotive  forces : — 

c'  -  Cj  =  0 

c"  -  c"'  =  0 

Cg  -  c'"  -  Ci  =  0 

By  elimination  we  obtain  two  values  of  c^,  one  in  terms  of  the 
battery  E^,  and  the  other  in  terms  of  E,  thus 


q=± 


Ex 


X  — 


and 


ad 
h    ' 


[A] 


E 


^      a(d  +  r)  +  h{a  +  r)' 
h 

Equating  the  two  values  of  C|  we  get 

±  El hx  -  ad  ^ 

E         a{d+~r)  +  b(a  +  r)' 

♦  This  equation  gives  the  relation  between  the  two  electromotive  forces  E  and 
E„  and  thus  gives  a  method  of  detei-mining  the  relative  electromotive  foices  of 
the  butteries. 
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279.  From  the  latter  equation  we  find 

od  ^  E^  ra(d  +  r)  +  K«  +  01 
■"    6   -    E  L  h  J* 

To  make  this  equation  useful  it  is  necessary  that  E^  and  E  be 
known.  If,  however,  we  reverse  the  testing  battery  and  again 
obtain  equilibrium  by  readjusting  d  to  d^,  we  get  a  second  equa- 
tioU)  viz. 

±  El  _  6  g  -  g  <?i  , 

.-E      aid,  +  r)  +  h(a  +  ry 

we  therefore  have 

hx  —  ad  . hx  ^  adi _  ^  , 

a{d  +  r)  +  h{a  +  r)'^a(d,  +  r)  +  h(i^+7)  "     ' 

by  multiplying  up  we  get 

hx[a{d,  +  r)  +  h(a  +  r)]-'ad[a{d^+r)  +  h(a  +  r)] 
+  hx[a{d+r)  +  h{a  +  r)]--  ad,[a(^d  +  r)  +  h(a+r)] 
=  0; 

that  is 

^^a     d[a(d,  +  r)  +  h(a  +  r)]  +  d,[a{d  +  r)  +  h{a  +  r)] 
b  '       a(d^  +  r)  +  h(a  +  r)  +  a(d  +  r)  +  h{a  +  r) 

^  ar2(d  +  k)(d,  +  k)  _  f\  .3. 


where 


'=[<>+=)-']■ 


For  example. 

In  making  a  conductivity  resistance  test  of  a  wire  in  which  an 
earth  current  existed,  -with  the  zinc  pole  of  the  battery  to  line 
equilibrium  was  obtained  when  d^  was  8000  ohms.  On  reversing 
the  testing  current,  equilibrium  was  obtained  when  d  was  6000 
ohms.  The  resistances  a  and  h  were  100  and  1000  ohms  respec- 
tively, and  the  resistance,  r,.of  the  battery  200  ohms.  What  was 
the  resistance,  x,  of  the  line? 

t  =  r200  (1  +  ^)  +  1000]  =  3200, 


therefore 

100  I    

1000  L(6000+3200)+(8000+3200) 

/Google 


X  =  }?^.  r^!^?^+^^^^}  ^^???+-^^?^.>  -  3200]  =  690-2  ohms. 
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It  may  be  pointed  out  that  the  quantity  ^(^  +  *I^-±*) 

{d  +  k)  +  {d^+k) 

in  equation  (B)  ia  the  harmonic  mean  of  the  quantities  {d  -f-  k) 
and  (ii  +  k). 

YariouB  abbreviations  of  formula  [B]  have  been  suggested,  but 
none  of  them  are  satisfactory  except  under  certain  conditions,  and 
inasmuch  as  the  formula  is  only  required  occasionally,  the  advan- 
tage of  a  simplification  which  at  the  best  is  only  an  approximation 
is  a  doubtfal  one. 

Mance^a  Method.* 

280.  Thiti  method,  devised  by  Sir  Henry  Mance,  consists  in 
making  the  observations  as  in  the  last  test,  but  without  reversing 
the  current,  the  first  observation  being  made  with  resistances 
a  and  h  in  the  arms  B  0  and  B  A  of  the  bridge,  and  the  second 
with  these  resistances  changed  to  a^  and  h^.  In  the  first  case, 
then,  we  have 

±  El  _  bx-ad 

E  a{d  +  r)  +  h(a  +  r)' 

in  the  second  case 

+  Ej  ^  ftj  a?  —  a^  dj 

"  E~  ■"  a,{d,'+  r)  +  h,  {a^+ry 
therefore 

_    _^  ®  "■  *  ^  —  6i  a?  —  a^  cJj 

a(d  +  r)  +  b{a  +  r)  ^  a,  (d,  +  r)  +  b^  {a^  +  r)' 

By  multiplying  up  and  extracting  a;,  we  get 

a;  =  ?  d[aAd,J-_r)+b,  {a,±r)]^a,J,  [a(d  +  r)  +  Ha  +  r)] 
b  [ai0i  +  r)  +  5i(ai  +  r)]  ^  b,[a{d +r)  +  b~{a-j- r)] 

^  fl d[(ai  +  b{)r  +  a^  b{]  -  gd^  [(a  +  5)r  -f  ab] 
a^bib^+di  +  r)  -  ab^(b  +  d+r) 

In  practice  Sir  Henry  Mance  prefers  to  make  b  =  a  and  &i=ai, 
in  which  case  the  formula  becomes 

^  ^  d(2r  +  a,)  -d,{2r  +  a) 
{di+a,)^{d  +  a)       ' 

For  example. 

In  making  a  conductivity  test  of  a  wire  in  which  an  earth 
current  existed,  the  arms  a  and  b  of  the  bridge  were  each  made 

*  *  Journal  of  the  Society  of  Telegrapli  Kiigiucera,*  May  8tb,  1886. 
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equal  to  100  ohms;  equilibrium  was  then  obtained  when  d  was 
adjusted  to  750  obms.  On  altering  a  and  h  to  1000  each,  balance 
was  again  obtained  by  making  di  equal  to  840  ohms.  The  resist- 
ance, r,  of  the  battery  was  200  ohms.  What  was  the  resistance  of 
the  line  ? 

^  ^  750  (2  X  200  +  1000)  -  840  (2  x  200  +  100)  ^  ^3^.^  ^^ 
(840  +  1000)  -  (750  +  100) 

See  also  page  277. 

281.  Mance's  test  could  with  advantage  be  made  in  the  follow- 
ing manner : — 

Beferring  to  Fig.  119,  if  we  have  a  '*  mllliamp^remeter,"  or 
'*  current-measurer "  in  the  branch  C  E,  so  that  the  strength  of 
the  current  flowing  can  be  measured,  then,  referring  to  equation 
[A],  page  262,  we  have. 

If  now  we  change  a  and  5  to  a^  and  6^,  and  we  again  get  balance 
by  changing  d  to  d^,  then  we  get  a  second  equation 


therefore 


*  -  h 


'^  (*-t)  =  "=•(*- v) 


or 


that  is 


.  ^  ad  a^di 

ad  aidi      ad  Ci       aidi 

X  =  L  = ~ 

Cl  —  ^2  -^  —  1 

ad  /Ct        \      a^di      ad 
^TTx^"    /"hT'^  T  ^^  _  ("Ml  _  ad\      1      . 
Ci  6         \  6i  h  J  Ci 


-  1  -  -  1 


or  if  -  =  n,  then 


_ad       /«!  cZi       a  d\     1 
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If  we  make  a  s  6,  and  a^  =  5|,  then 

It  may  be  pointed  ont  that  the  only  object  of  changing  the 
ratio  arms  a  and  5  to  a^  and  hi  is  to  alter  the  current  strength,  and 
as  this  change  resalts  in  one  of  the  reelings  being  taken  with  a 
reduced  sensibility  of  the  galvanometer,  it  would  be  preferable  to 
alter  the  current  strength  by  altering  the  battery  power,  or  by 
adding  a  resistance  in  the  circuit  of  the  latter. 

Equal  Deflection  or  ''False  Zero"*  Method. 

282.  This  method  is  actually  that  described  in  the  Note  on 
page  145  and  in  §  148  of  the  same  page.  It  is  in  fact  Mance's  test 
with  a  battery  included  in  circuit  with  the  key ;  t  *•,  which  in 
Mance's  test  is  the  resistance  of  the  battery  being  measured,  is 
of  course  in  the  present  test  the  resistance  of  the  line  or  cable. 

In  the  practical  execution  of  the  test  it  would  be  necessary  to 
short-circuit  the  galvanometer  at  the  moment  when  the  battery 
key  is  depressed  or  raised,  otherwise  a  violent  movement  of  the 
needle  would  be  produced  by  the  static  discharge  from  the  cable. 

283.  When  the  battery  connections  for  measuring  conductivity 
resistance  are  made,  as  shown  by  Fig.  96  (page  210),  then  in  order 
to  put  the  zinc  current  to  line,  we  should  put  the  cable  or  line  to 
C  and  the  earth  to  E.  To  put  the  copper  to  line  we  can  either 
reverse  the  battery  or  put  the  cable  to  E  and  the  earth  to  C,  which- 
ever is  most  convenient  to  the  experimenter. 


Measurement  of  the  CoNDUCTivrrT  Eesistance  of  a 
Submarine  Gable. 

284.  When  we  are  measuring  the  conductivity  of  a  submarine 
cable,  which  requires  to  be  carefully  done,  the  following  method 
may  be  adopted : — 

Put  on  the  battery  current  for  half  a  minute  by  pressing  down 
the  right-hand  key  (Fig.  96,  page  210) ;  at  the  expiration  of  that 

*  Values  of     ^  -  oonesponding  to  variooB  values  of  n  are  given  in  Table  X. 

t  It  has  been  stated  that  it  is  necessary  in  makinjc  this  test  to  arrange  the 
key  so  that  when  it  is  raised  it  puts  in  circuit  a  resistance  equal  to  that  of  the 
battery ;  but  it  must  be  evident  from  the  reasoning  given  in  the  note  referred  to 
that  this  is  altogether  unuecesssry.  M.  Emile  Lacoine  drew  attention  to  this 
fact  in  the  No.  of  the  'Journal  Te'legraphique '  for  Jan.  25th,  1888. 
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time,  proceed  to  adjust  the  pings,  pressing  down  the  left-hand  key 
as  required  until  equilibrium  is  produced ;  continue  to  adjust,  if 
the  needle  does  not  remain  at  zero,  and  at  the  expiration  of  half  a 
minute  note  the  resistance.  Now  reverse  the  battery  connections, 
put  on  the  current  for  half  a  minute ;  again  measure,  again  reverse 
and  measure,  and  so  on  until  about  a  dozen  measurements  with 
either  current  have  been  taken.  It  will  usually  be  found  that 
about  half  the  measurements  made  with  the  negative  current  are 
the  same,  and  also  half  the  measurements  made  with  the  positive 
current ;  these  results  may  be  taken  as  the  correct  measurements 
for  d  and  d^. 

285.  In  order  to  reverse  the  current  through  the  cable,  we  can 
either  reverse  the  battery,  or  the  line  and  earth,  connections 
(§  283).  There  is  an  advantage  in  doing  the  latter,  as  by  this 
means  the  galvanometer  deflection  due  to,  say,  too  much  resist- 
ance being  inserted  between  D  and  E  (Fig.  96,  page  210),  is  always 
on  the  same  side  of  zero,  although  the  direction  of  the  current 
through  the  cable  is  reversed  Thus  it  is  easy  to  see  at  a  glance 
in  every  case,  and  without  chance  of  a  mistake,  whether  balance 
is  out  in  consequence  of  too  much  or  too  little  resistance  being 
inserted. 

286.  The  presence  of  earth  currents  can  be  detected  when  the 
line,  galvanometer,  and  earth  are  joined  to  the  resistance  box,  by 
pressing  down  the  left-hand  key  alone.  This  will  cause  the 
galvanometer  needle  to  be  deflected  if  there  are  any  currents 
present.    A  line  is  seldom,  if  ever,  quite  neutral  in  this  respect. 

287.  It  is  almost  immaterial  what  battery  power  is  used  in 
measuring  conductivity;  sufficient,  however,  should  be  used  to 
obtain  a  good  deflection  on  the  galvanometer  needle  when  equi- 
librium is  not  exactly  produced.  About  10  or  20  cells  is  a  con-  \/ 
venient  number  to  employ.  There  is  no  danger  of  heating  the 
resistance  coils  with  such  a  power  if  the  battery  be  a  Daniell 
charged  with  plain  water,  or  even  a  Leclanch6,  as  their  internal 
resistances  are  considerable.    It  would  not  be  advisable,  however, 

to  use  a  Grove  or  a  Bunsen  battery,  or  a  Daniell  charged  with 
acidulated  water,  as  their  heating  power  is  great  in  consequence 
of  their  small  internal  resistances. 

EUMINATION   OF  THE  KeSISTANCE  OF  LEADING   WiRES. 

288.  In  order  to  determine  the  exact  resistance  of  the  con- 
ductor of  a  cable,  or  coil  of  cable  core,  for  example,  it  is  of  course 
necessary  that  the  resistance  of  the  wires  leading  from  the  testing- 
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room  to  the  tank  in  which  the  cable  or  core  in  placed,  shotild  be 
deducted  from  the  total  measui^  resistance.  This  involves  a 
calculation  which,  although  slight,  still  might  be  avoided  with 
advantage,  especially  if  a  large  number  of  measurements  have  to 
be  made.  At  Messrs.  Siemens*  Works,  at  Charlton,  a  very  simple 
device  is  adopted  which  enables  the  resistance  of  the  leading 
wire  to  be  eliminated,  thus  rendering  any  deduction  unnecessary. 
For  this  purpose  a  small  supplementary  slide  wire  resistance 
(§  20,  page  17)  is  connected  in  the  arm  A  E  of  the  bridge  (Fig.  96, 
page  210);  the  leading  wires  (when  connected  to  the  bridge) 
being  looped  together  at  their  further  ends,  and  all  the  plugs 
being  inserted  in  A  E,  the  slide  resistance  is  adjusted  till  balance 
is  obtained  on  the  galvanometer.  The  leads  are  now  connected 
to  the  cable  or  core  to  be  tested,  and  then  balance  is  again  obtained 
on  the  galvanometer  by  removing  plugs  from  A  E  in  the  usual 
manner.  This  being  done,  the  resistance  unplugged  in  AE 
(allowing  for  the  ratio  of  the  arms  A  B,  B  0,  of  the  bridge,  if  the 
two  are  unequal)  obviously  gives  the  exact  value  of  the  resistance 
required,  since  the  resistance  of  the  leads  is  balanced  by  the  slide 
resistance. 

Measurement  of  Battery  Besistakce. 

289.  The  resistance  of  a  battery  which  consists  of  a  large 
number  of  cells  may  in  many  cases  be  measured  with  a  consider- 
able degree  of  accuracy  by  means  of  the  Wheatstone  Bridge,  in 
the  following  manner : — 

Divide  the  battery  into  two  equal  parts,  and  connect  the  two 
halves  together  so  that  their  electromotive  forces  oppose  one 
another;  under  these  conditions  the  battery  may  be  treated  as  an 
ordinary  resistance,  and  measured  as  such. 
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CHAPTER  IX. 
LOCALISATION  OF  FAULTS. 

290.  The  theoretical  methods  of  testing  for  the  localities  of 
faults. are  comparatively  simple,  but  their  practical  application 
presents  some  difficulties. 

Localisation  of  a  full  Earth  Fault. 

291.  The  simplest  kind  of  fault  to  localise  is  a  complete  fracture 
where  the  fault  offers  no  resistance,  and  the  conductivity  resistance 
at  once  gives  its  position.  Thus,  a  line  which  was  100  miles  long, 
and  in  its  complete  condition  had  a  resistance  of  1350  ohms,  that 
is  to  say,  a  resistance  of  ^Y  =  13*6  ohms  per  mile,  gave  a  resist- 
ance of  270  ohms  when  broken.  Then  distance  of  fault  from  testing 
station  was 

?11.  =  20  miles. 
13-6 

Localisation  of  a  partial  Earth  Fault. 

292.  When  the  fault  has  a  resistance,  the  localisation  becomes 
somewhat  difficult.  The  following  are  the  theoretical  methods 
generally  adopted  (Fig.  120). 


Fig.  120. 

\'  Blavier's  Method. 

293.  Let  A  B  be  the  line  which  has  a  fault  /at  C,  A  being 
the  testing  station.  A  first  gets  B  to  insulate  his  end  of  the  line. 
He  then  measures  the  resistance,  which  we  will  call  Z, 
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then 

therefore 

Next,  B  pnts  his  end  to  earth,  and  A  again  measnrea.    Let  the  new 
lesistanoe  be  Z|,  then  •    - 

Calling  L  the  resistance  of  the  line,  we  have  also 

therefore 

6  =  L  -  a.  [3] 

From  these  three  equations  we  have  to  determine  a..  Sub- 
stituting in  [2]  the  valnes  of  /  and  6  obtained  from  [1]  and  [3], 
we  get 

therefore 

a^-2ali  =  LZ-L/i  -l\\ 

from  which,  since  a  must  be  less  than  Z|  and  the  root  consequently 
negative, 

'Far  example, 

A  fttultj  cable,  whose  total  conductivity  resistance  when  per- 
fect was  450  ohms  (L),  gave  a  resistance  of  350  ohms  (l)  when 
the  further  end  was  insulated,  and  270  ohms  (Z^)  when  the  end  was 
put  to  earth.  What  was  the  resistance  of  the  conductor  up  to  the 
fault? 

Resistance  =  270  -  ^"(350  -.  270)  (450  -  270)  =  150  ohms. 

If  the  length  of  the  cable  were  50  miles,  then  conductivity  resist- 
ance per  mile  equals  ^^  =  9  ohms,  and  distance  of  fault  from  testing 
station  consequently  equals  ^^^  =  16J  miles. 

Overlap  Method. 

294.  Two  measurements  are  made,  one  by  station  A,  and  the 
other  by  station  B,  A  and  B  insulating  their  end  in  turn.  Thus 
resistance  measured  from  A  when  B  insulates,  as  before  is 

a+/=/.  [1] 
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BesLstaDce  measured  from  B  when  A  insulates 

h+f=h,  [2] 

also 

a  +  h=L.  [3] 

Subtracting  [2]  from  [1] 

a  —  5  =  Z  —  ^2, 
and  adding  [3] 

2  a  =  L  +  Z  -  Zj ; 
therefore 


For  example, 

A  faulty  cable,  whose  total  conductivitj  resistance  when  per- 
fect was  450  ohms  (L),  when  measured  from  A  with  the  end  at 
B  insulated,  gave  a  resistance  of  350  ohms  {I) ;  and  when  measured 
from  B  with  the  end  A  insulated,  a  resistance  of  500  ohms  (Z^). 
What  was  the  resistance  of  the  conductor  from  A  to  the  fault  ? 

Besistance  =  ^50  +  350-500  ^  ^^^  ^j^^ 


v^      Anderson  and  Eennellt's  Method. 

295.  In  making  the  foregoing  test  it  is  often  found  advan- 
tageous to  introduce  a  set  of  resiBtanoe  coils  at  the  end  of  the 
cable  nearest  the  fault,  and  to  vary  this  until  it  is  found  that  the 
measurements  made  at  the  two  ends  give  the  same  results.  The 
advantage  of  this  arrangement  is  that  if  the  same  amount  of 
battery  power  be  used  at  the  two  stations  the  test  current  flowing 
out  at  the  fault  will  be  the  same  in  both  cases,  consequently  the 
fault  is  likely  to  remain  constant  and  more  uniform  results  be 
obtained.  It  is  obvious  that  if  r  be  the  added  resistance,  then  the 
resistance  from  either  end  (the  resistance  r  being  taken  as  forming 

T    4-  r 

part  of  the  cable)  will  be  — [t_,  L  being  as  in  previous  cases  the 

total  conductivity  resistance  of  the  perfect  cable. 

The  late  Mr.  Dresing  suggested  that  the  most  satisfactory  results 
would  be  obtained  if  a  Muirhead's  artificial  cable  were  used  to 
introduce  the  resistance  r,  so  that  the  testing  current  would  (owing 
to  the  capacity)  flow  under  practically  similar  conditions  in  the 
measurements  made  from  both  ends. 
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Practical  Execution  op  Tests. 

296.  So  fnr  the  testing  is  simple;  the  practical  application^ 
however,  presents  some  difficulty,  lliia  is  owing  to  the  variation 
of  the  resistance  of  the  fault  when  the  testing  current  is  put  to 
the  cable,  in  c(»nseqnence  of  this  current  acting  on  the  copper 
conductor,  and  through  the  agency  of  the  sea  water  covering  it 
with  a  salt,  which  besides  increasing  the  resistance  of  the  fault 
also  sets  up  a  current  opposing  the  testing  current.  To  make  a 
proper  test,  then,  it  is  necessary  so  to  manipulate  the  testing  appa- 
ratus and  battery  as  to  get  rid  of  the  polarisation  and  resistance 
set  up  by  the  salt  formed  on  the  fault,  and  to  measure  the  resist- 
ance at  the  moment  this  is  done.    The  following  is  known  as : — 


Lumsden's  Method. 

297.  The  further  end  of  the  cable  being  insulated,  the  con- 
ductor is  cleaned  at  the  fault  by  applying  a  zinc  current  from 
100  cells  for  ten  or  twelve  hours,  the  current  being  occasionally 
reversed  for  a  few  minutes.  A  rough  resistance  test  is  then  made 
with  a  copper  current. 

A  positive  current  is  now  applied  to  the  cable  for  about  one 
minute,  using  two  or  three  cells  for  every  100  units  of  resistance 
which  have  to  be  measured.  This  coats  the  conductor  with 
chloride  of  copper. 

The  cable  is  now  again  connected  to  the  resistance  coils,  and 
the  battery  and  galvanometer  connections  made  as  shown  by 
Fig.  96  (page  210),  the  zinc  pole  being  to  terminal  B'  and  the 
copper  to  terminal  E.  The  cable  must  be  joined  to  C,  and  earth 
toE. 

Both  keys  being  depressed  the  galvanometer  needle  is  care- 
fully watched  and  plugs  inserted  and  shifted  unit  by  unit,  so  as 
to  keep  the  needle  at  zero ;  for  the  action  of  the  negative  current 
is  to  clean  off  the  chloride  of  copper,  and  thereby  to  reduce  the 
resistance  of  the  fault  At  a  certain  point  this  decomposition 
becomes  complete,  and  the  needle  of  the  galvanometer  flies  over 
with  a  jerk,  showing  that  the  disengagement  of  hydrogen  has 
taken  place  at  the  fault,  which  enormously  increases  its  resist- 
ance. The  resistance  in  the  resistance  coils  at  that  moment  is  the 
required  resistance. 

The  fault  being  once  cleaned  by  the  application  of  the  100 
cells  for  ten  or  twelve  hours,  it  is  unnecessary  on  repeating  the 
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meaanrement  (which  should  always  be  done)  to  apply  the  battery 
for  so  long  a  time ;  10  or  20  minutes^  or  even  less,  will  generally 
8a£Sce. 

When  the  measurement  is  made  with  the  farther  end  of  the 
cable  to  earth,  the  same  prooess  of  preparation  can  be  employed. 

The  rate  at  which  the  decomposition  of  the  salts  at  the  fault 
takes  place,  depends  to  a  very  great  extent  upon  the  strength 
of  the  current  flowing  out  at  the  fault ;  now,  if  the  latter  be  very 
near  the  end  at  which  the  test  is  being  made,  the  resistance 
between  the  testing  battery  and  the  fault  will  be  so  small  that 
the  changes  at  the  latter  will  take  place  with  great  rapidity,  and 
it  woiQd  be  a  matter  of  great  difficulty  to  adjust  the  resistance  in 
the  bridge  quickly  enough  to  follow  up  the  change  of  resistance 
at  the  fault  as  it  takes  place.  To  avoid  this  difficulty  the  best 
plan  is  to  insert  a  resistance  between  the  bridge  and  the  end  of 
the  cable ;  this  will  retard  the  changes  by  reducing  the  strength 
of  the  current  flowing  in  the  circuit  The  value  of  this  resistance 
will  depend  entirely  upon  circumstances,  and  will  be  a  matter  of 
judgment  with  the  person  making  the  test,  but  in  any  case  it 
should  not  be  out  of  proportion  to  the  actual  conductor  resistance 
of  the  cable. 

The  amount  of  battery  power  used  is  also  a  matter  dependent 
upon  circumstances,  but  the  higher  the  power  it  is  found  possible 
to  use,  the  less  will  the  e£feot  of  earth  currents  influence  the 
accuracy  of  the  test. 

The  resistances  employed  in  the  arms  A  B,  B  C  of  the  bridge 
(Fig.  96,  page  210),  will,  to  some  extent,  modify  the  rate  at 
which  the  changes  at  the  fault  take  place,  and  here  again  discre^ 
tion  must  be  used,  as  no  deflnite  rule  can  well  be  laid  down. 

It  might  be  imagined  that  a  *' slide  resistance"  (page  17) 
would  be  Very  advantageous  for  making  a  test  of  this  kind,  but 
practical  experience  shows  that  the  plug  resistances  are  preferable 
in  many  cases. 

The  galvanometer  with  which  this  and  the  following  test  must 
be  made  must  be  an  ordinary  astatic  one  (page  20)  with  flbre  sus- 
pended, or  pivoted,  needles.  A  Thomson's  reflecting  galvanometer 
is  quite  useless  for  the  purpose. 

Before  making  the  test,  A  must  of  course  arrange  with  B,  or 
vice  versd^  at  what  time  and  for  how  long  he  is  to  insulate,  put  to 
earth,  &c.,  his  end  of  the  cable. 
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Fahie's  Method. 

298.  Hr.  J.  J.  Fahie,  in  a  paper  read  before  ihe  Sodety  of 
Telegraph  Engineers,*  has  given  the  results  of  some  very  caiefdl 
experiments  and  tests  which  he  has  made«  bearing  npon  the  sabjeot 
of  testing  for  faults.  His  method  contains  many  valnable  points 
and  is*  in  the  anther's  words  as  nearly  as  possible,  as  follows : — 

The  cable-cnrrent  is  eliminated  by  sending  into  the  line  the 
current  of  the  opposite  sign  to  that  coming  from  it,  and  arranging 
the  strength  and  duration  of  this  current  to  suit  the  strength  of 
the  one  from  the  cable.  Thus,  if  the  latter  be  strong  and  negative 
put  (say)  sixty  cells  positive  to  line  for  a  couple  of  minutes,  and 
then  note  the  condition  of  the  cable  current ;  if  it  be  still  negative, 
but  weaker,  put*  the  battery  on  again  for  a  short  time,  and  contmue 
to  do  so  until  the  galvanometer  needle  indicates  a  weak  positive 
current  from  the  fault.  If  the  latter  be  now  left  to  itself  and  the 
cable  put  to  earth  through  a  galvanometer  the  needle  will  steadily, 
and  as  a  rule  leisurely,  fall  to  zero  and  pass  over  to  the  other  side, 
indicating  a  negative  current  again  from  the  fis^ult.  While  the 
needle  is  on  zero  the  line  is  free  and  in  a  fit  state  for  the  sub- 
sequent test 

If  the  cable-current  be  positive,  put  sixty  cells  negative  on 
until  the  fault  is  depolarised ;  the  effect  in  this  case  is  more  brief 
than  in  the  other,  the  needle  falling  quickly  to  zero  and  crossing 
to  its  original  position. 

Having  once  eliminated  the  current  from  the  fault  (and  the 
operation  very  rarely  exceeds  ten  minutes  in  the  most  obstinate 
cases)  the  cable  can  always  be  kept  free  by  momentary  applica* 
tions  of  the  necessary  battery  pole.  Thus,  if  the  needle  begin  to 
move  off  zero  in  the  direction  indicating  a  negative  current  from 
the  fault,  a  positive  current  applied  for  a  moment  will  bring  it 
back,  and  tfice  versd.  In  practice  it  is  best  to  repolarise  the  fault 
slightly  in  the  opposite  direction,  as  a  little  time  is  thereby  gained 
to  arrange  the  bridge  for  a  test 

Having  shown  how  to  prepare  the  cable,  the  test  wiU  now 
be  described.  The  bridge  is  arranged  as  shown  by  Fig.  121 
(page  276> 

F  is  the  infinity  plug ;  when  this  plug  is  removed  the  connec- 
tion between  the  branch  coils  h  and  the  resistance  d  is  severed ; 
E2  is  an  ordinary  key  for  putting  the  line  to  earth  through  the 

*  <  Journal  of  the  Proceedings  of  the  Society  of  Telegraph-Engineen,' 
vol.  iil  page  372. 
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galvanometer  O3  or  to  the  bridge  as  may  be  required.    The  rest 
needs  no  explanation. 

First  ascertain  by  an  ordinary  test  the  approximate  resistance 
of  the  fanlty  cable  and  leave  it  unplugged  in  d  Next  allow  the 
line  to  rest  for  a  few  minutes  in  order  that  it  may  recover  itself 
from  the  effects  of  the  current  employed  in  this  preliminary  test, 
and  then  depress  E,,  and  observe  the  cable-current  on  the  galva- 
nometer G, ;  let  it  be  positive,  open  the  key  Ei,  remove  the  plug 
P,  and  send  a  negative  current  from  the  testing  battery  of  (say) 
sixty  cells  into  the  cable  vid  the  branch  coils  a,  which  should  be 
plugged-in  to  avoid  heating.  When  the  cable  current  has  been 
repolarised — a  fact  which  may  be  ascertained  by  putting  the  cable 


Fig.  121. 


to  effHTat  intervals  through  O,— arrange  the  bridge,  close  to  the 
key  E„  and,  keeping  the  cable  to  Gj,  watch  till  the  needle  comes 
to  zero;  at  that  moment  let  E,  fly  back,  and  send  a  negative 
current  through  the  bridge  system,  observing  the  instantaneous 
effect  on  the  galvanometer  Gj.  If  d  be  too  great  the  needle  will 
be  deflected  in  a  direction  (say  to  the  right)  indicative  of  this,  but 
immediately  after  it  will  rush  across  zero  and  up  the  other  side  of 
the  galvanometer  (to  the  left),  showing  that  the  cable  current  has 
again  set  in.  If  (2  be  too  small  the  ntedle  will  pass  to  the  left,  at 
first  slowly,  but  immediately  after  with  a  bound,  d  is  now  ad- 
justed, resistance  is  inserted  or  removed  as  required,  and  the 
eliminating  process  begun  again.  As  d  more  nearly  resembles  the 
resistance  of  the  cable,  the  first  and  instantaneous  deflections 
after  battery-contact  become  smaller ;  and,  when  d  and  the  cable 

T  2 
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resiBtanoe  are  equal,  the  needle  trembles  over  the  zero-point  for  a 
moment,  and  then  rashes  over  to  the  left  nnder  the  influence  of 
the  cable  current. 

Should  the  current  given  off  by  the  fault  be  negative,  having 
arranged  the  biidge  as  before,  repolarise  the  fault  with  a  positive 
battery  current,  and  waiting  till  G,  shows  the  cable  free,  proceed 
to  tist  as  before,  but  using  a  positive  current  instead  of  a  negative. 
Should  d  be  too  great  the  needle  of  Gi  will  be  deflected  in  this 
case,  first  to  the  left  and  then  to  the  right.  Should  it  be  too  small 
the  needle  vi  ill  move  to  the  right,  at  first  slowly,  but  immediately 
after  with  a  rush.  The  galvanometer  Gj  must  always  be  ready, 
and  not  short-circuited,  eUe  the  first  and  instantaneous  deflections 
after  battery-contact  will  not  be  perceived. 

In  practice  it  is  found  that  when  the  cable  cuiTent  is  positive 
it  is  easily  eliminated  by  a  negative  current,  but  that  when  it  is 
negative  the  operation  with  a  positive  current  is  more  difficult. 
Indeed,  it  is  better  not  to  employ  a  positive  testing  current  at  all 
except  for  a  moment  when  it  is  required  to  eliminate  a  weak 
negative  cable  cuirent.  A  positive  current  applied  for  a  few 
seconds  in  this  manner  has  only  time  to  depolarise  a  fault,  but 
when  continued  longer  it  seems  to  actually  coat  the  exposed  wire 
with  badly  conducting  substances,  by  which  the  total  resistance  is 
increased. 

It  will  be  noticed  that  when  the  fault  is  depolarised  by  a  posi- 
tive current  of  any  duration  it  does  not  recover  itself  for  a  long 
time.  If  a  galvanometer  be  joined  in  circuit,  its  needle  will 
remain  at  or  ^ear  zero  for  a  considerable  time,  occasionally  oscillat- 
ing feebly.  The  depolarisation  by  a  negative  current,  on  the  other 
hand,  lasts  only  a  few  moments. 

The  whole  of  the  foregoing  observations  do  not  appear  to  be 
applicable  to  every  fault.  Thus,  when  the  fault  has  considerable 
resistance  in  itself,  or  when  more  faults  than  one  exist,  it  is  not 
always  possible  to  eliminate  the  cable  current.  Again,  when  the 
fault  possesses  resistance,  the  direction  and  strength  of  the  cable 
current,  when  the  distant  end  is  alternately  insulated  and  put  to 
earth,  do  not  always  coincide.  For  example,  a  fault  octjurred  on  a 
six-mile  piece  of  shore-end  cable,  which  reduced  the  insulation  re- 
sistance to  about  2000  units  absolute.  Now,  when  the  further 
end  of  this  piece  was  to  earth,  a  strong  negative  current  was  often 
obtained,  but  when  it  was  insulated  the  cable  current  was  slight, 
and  positive.  Again,  when  the  fault  is  further  off  than  about  150 
miles,  and  the  intervening  cable  perfect,  the  charge  current  inter- 
feres with  the  test. 
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299.  The  principal  obstaole  found  in  testing  for  faults  is  the 
presence  of  earth  currents.  If  it  were  not  for  these  there  would 
really  be  but  comparatively  little  di£Scu1ty  in  making  satisfactory 
tests.  But  even  earth  currents  would  not  create  any  serious  diffi- 
culties, provided  they  kept  constant  in  strength  and  direction  for 
any  length  of  time;  this,  however,  is  unfortunately  seldom  the 
case,  and  it  is  often  only  by  patient  watching  that  a  few  seconds 
can  be  obtained  when  the  cable  is  in  a  quiescent  condition,  and  a 
test  of  correct  value  made. 

The  earth  current  difficulty  is  especially  met  with  in  long 
cables,  and  it  is  not  uncommon  for  days  to  pass  without  a  satisfac- 
tory test  being  made. 


Mange's  Method.  i 

800.  This  method,  devised  by  Sir  Henry  Mance,  has  for  its 
object  the  elimination  of  the  effects  of  an  earth  current  in  a  cable 
when  making  a  resistance  test.  The  general  principle  of  this 
method  has  been  described  on  page  264.  As  compared  with  the 
ordinary  ^*' Equiltbrium  Method"  (page  261)  it  has  the  advantage 
that  the  polarisation  current  does  not  become  changed,  as  it  is  liable 
to  do  when  reversed  currents  are  sent  from  the  testing  batteries; 
moreover,  as  the  test  can  be  made  with  a  negative  current  only, 
the  resistance  of  the  fault  does  not  alter  materially,  as  it  is  liable 
to  do  when  a  positive  current  is  applied. 

In  making  the  test  practically.  Sir  Henry  Mance  considers 
that  the  simplest  plan  and  the  one  giving  the  best  results  is  to 
have  the  resistances  a  and  h  (Fig.  119,  page  262)  of  equal  value; 
the  100  and  1000  pairs  of  proportional  coils  in  the  ordinary  bridge 
would  be  used  generally  for  the  purpose.  The  test  is  commenoed 
by  observing  the  resistance  d,  with  the  smaller  pair  of  coils,  can- 
iinuing  (he  test  until  the  resistance  of  the  fault  appears  fairly  steady^ 
when,  balance  being  obtained  by  adjusting  (2,  the  galvanometer  is 
short-circuited  for  an  instant  whilst  changing  the  100  coils  to  1000, 
and  then  balance  is  again  obtained  by  readjusting  d  to  d^.  This 
operation  should  be  several  times  repeated,  and  the  pair  of  readings 
which  seem  most  likely  to  be  correct  are  then  used  for  determining 
X  from  the  formula.  In  working  the  method  care  should  be  taken 
that  the  battery  is  in  good  condition  and  that  itn  rcKistance  is  not 
high.  If  the  conductor  is  not  broken  and  the  fault  is  a  small  one  9 
sufficient  resistance  should  be  added  at  the  end  nearest  the  fault 
to  bring  the  latter  near  the  centre  (§  296,  page  271).     The  tests 
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from  either  side  will  then  compare  well  with  each  other.  In 
arranging  this,  the  resistance  of  the  batteries  must  not  be  over- 
looked, and  it  is  therefore  desirable  that  all  stations  should  use 
similiar  batteries  with  approximately  the  same  internal  resistance. 

When  testing  with  the  1000  to  1000  proportion  ooils,  the  obser- 
vations will  generally,  but  not  invariably,  be  higher  than  when 
Qsing  the  100  to  100  branched.  This  will  depend  on  the  earth 
currents  existing  at  the  time.  The  corrected  result  will,  however, 
be  approximately  the  same,  although  the  readings  may  indicate  an 
alteration  of  several  hundreds  of  units  in  the  resistance  tested. 
The  daily  variations  in  the  tests  to  a  fault  may  of  course  be  due  to 
alterations  in  the  fault  itself,  especially  if  it  is  a  small  one.  The 
application  of  the  correction  will,  however,  at  once  show  how  much 
is  due  to  the  fault,  and  to  what  extent  the  tests  are  affected  by 
other  disturbing  influences.  Should  the  alterations  be  caused 
by  the  latter,  there  will  be  no  material  change  in  the  corrected 
results. 

301.  For  the  purpose  of  applying  the  test  with  ease  and 
certainty  Sir  Henry  Manco  has  devised  a  form  of  bridge  specially 
adapted  for  the  purpose.    In  this  apparatas,  which  is  shown  by 


Fio.  122. 


Fig.  122,  a  switch  is  provided  for  rapidly  changing  the  proportion 
coils  from  100  to  1000,  and  vice  versd;  a  set  of  single  ohm  slide 
resistances  (page  17)  is  also  added  for  the  parpose  of  adjusting 
the  main  resistance  {d  and  dx)  ^th  rapidity. 


Keknelly*s  Law  of  Fault  Besistakce. 

302.  When  a  -cable  which  has  become  broken  has  its  resistance 
measured  in  order  to  determine  the  locality  of  the  break,  the 
value  of  iJus  resistance  represents  the  resistance  up  to  the  fault 
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plus  the  resista&oe  of  the  fault  itself!  Now  although  by  Lmns- 
den's  method  (page  272)  it  is  often  possible  to  nearly  eliminate 
the  resistance  of  the  fault,  yet  this  oannot  always  be  done.  In 
a  paper  read  before  the  Society  of  Telegraph-Engineers  and  Eleo- 
tricians,*  Mr.  A«  E.  Eennelly  has  pointed  out  as  the  resnlt  of 
numerous  experiments,  that  when  the  current  flowing  does  not 
exceed  25  milliampdres  (tMv  &ii^p^i^)  ^o  resistance  of  the  fault 
in  a  broken  cable  varies  inversely  as  llie  square  root  of  the  current 
passing,  this  is  to  say,  for  example,  if  we  quadruple  the  current  we 
hdhe  the  resistance.  As  a  consequence  of  this  law,  it  is  shown 
that  it  is  possible  to  determine  what  is  the  resistance  of  the  cable 
up  to  the  break,  independently  of  the  resistance  of  the  break  itself. 
Let  r  be  the  resistance  of  the  broken  cable  up  to  the  fault,  and 
fi  and  /a  the  resistances  which  the  fault  has  when  the  currents 
passing  are  Ci  and  c,  respectively,  then  by  the  law  stated  we  have 

/i:/, ::  V^:\/cr 

therefore 

Let  Bi  and  B,  be  the  total  measured  resistances  when  the 
currents  Cj  and  e^  are  passing  respectively,  then  we  have 

therefore 
or 

therefore 

BaV^  -  ta/^  =  Bi  v^- r  aA, 
therefore 

r  (V^  -  V^)  =  Bj  V^  -  Ba  v^ 

*  *  Proceedings  of  the  Society  of  Telegiaph-Engineen  and  EieciridAiu,' 
ToL  XTi  page  86. 
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or 


^J^-B,J^      ^\/l-^ 


-y«i-  Vc« 


v/|-'  ^/^ 


or  if  -  =  »,  then 


r  =  B.-(B.-E.)-^=— ^.  [A] 


For  exan^h. 

The  measured  resistanoe  of  a  broken  cable  when  the  current 
passing  was  23  milliamperes  (ci)  was  435  ohms  (Eti),  but  when  the 
current  was  reduced  to  8  milliamperes  (c,)  the  measured  resistance 
was  found  to  be  445  ohms  (Bt) ;  what  was  the  resistance  (r)  of  the 
cable  up  to  the  break? 


We  have 


VJT-l      ^23_ 


=  1-44,  and,  B,  -  R,  =  445  -  435  =  10, 


8 
therefore     • 

r  =  435  -  10  X  1-44  =  435  -  14-4  =  420-6  ohms. 

It  is  obvious  that  the  values  of  Cj  and  c,  might  be  determined 
by  placing  a  low  resistance  galvanometer  in  circuit  with  the  cable 
whilst  the  tests  are  being  made,  and  noting  the  deflections  obtained 
in  the  two  cases.  The  strengths  of  the  current  could  be  varied 
either  by  changing  the  battery  power  or  by  changing  the 
resistances  in  the  arms  of  the  bridge,  as  in  Mance's  test.  Mr. 
Eennelly  prefers  to  adopt  the  latter  method  and  to  calculate  the 
strengths  of  the  current  passing,  instead  of  having  a  galvano- 
meter in  the  cable  circuit  as  suggested.  In  order  to  eliminate 
the  effects  of  earth  currents  he  balances  to  a  false  zero  (§  282, 
page  266). 

♦  Values  of  -j= — -  corrcBpondiug  to  varione  ?riaes  of  n  aie  given  in  Table  X. 
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If  the  relatiye  stroDgths  of  c^  and  e,  are  made  in  the  proportion 

of  4  to  1,  that  is  if  n  =  4,  then  —pz =  1,  so  that 

V»-  1 

r  =  Ri  -  (Bj  -  Bi)  =  2Bi  -  B,. 


Schaefer's  Law  of  Fault  Besistange. 

303.  Mr.  Sohaefer  has  found,  as  the  result  of  a  very  numerous 
series  of  experiments,  that  if  proper  acoount  be  taken  of  the  polari- 
sation and  earth  current  in  the  cable,  and  also  if  the  balunoe  on 
the  bridge  be  taken  to  irme  (instead  of  fcUte^  as  in  the  Eennelly 
test)  zero,  that  the  resistance  of  the  fault  should  be  taken  to  vary 
inyersely  as  its  1  *  3rd  root. 

Now,  if  e  is  the  electromotive  force  of  the  combined  polarisation 
and  earth  current,  and  c^  is  the  strength  of  the  current  flowing 
through  the  cable,  also  if /^  is  the  resistance  of  the  fault  with  the 
current  c^  r  the  conductor  resistance  of  the  cable  up  to  the  fault, 
and  Bi  the  bridge  balance  resistance  to  true  zero,  then 

B|  =  r+/x±^,    or,    /»=:(Bi±i)-r, 

also  if  B,  and  /s  are  the  respective  resistances  with  a  current  c^ 
then 

/.  =  (B.±l)-r. 
Since  by  Schaefer's  law  we  have 

*  If  in  a  oirouit  of  reaistaiioo  B  a  oorient  of  Btrongth  C  is  produced  by  an 
e]ectiomoti?e  forqe  £,  then, 

0  =  ^.    or,    CE  =  E.  [1] 

If  into  the  circnit  an  additional  eleotromotiye  force  ±  0  is  introduced  and  also  a 
rosif  tance  B'  is  added  or  taken  out,  so  that  the  current  in  the  circuit  still  remains 
O,  then  wo  have 

C  =  ^^.    or,    CE±OE'  =  E±e.  [2] 

Subtracting  [1]  from  [2],  we  get, 

±CB'=±e,     or,     B'=±^; 

that  ip,  the  added  or  subtracted  resJBtanoo  R'  is  an  equivalent  to  the  'electro- 
motive force  e  divided  by  the  total  current  C  in  the  circuit 


Digitized  by  VjOOQ  IC 


282  HANDBOOK  OF  ELECTBICAL  TESTING. 

we  oan  see  by  lefeienoe  to  equations  [1],  [2],  ftud  [A],  pages  279 
and  280,  that  we  mnfit  have 


r 
where 


-(»-*.^-[(».^s)-('^tii^)]iytr-.-  W 


«  =  j.    or,    e^^nct, 


and  the  +  sign  being  taken  for  the  values  of  -  and  -  when  the 

oombined  polarisation  and  earth  cnrrent  is  in  the  same  direction 
as  the  testing  current,  and  the  ~  sign  when  the  direction  is 
opposed  to  the  testing  current. 

Equation  [A]  can  be  written  in  the  form 

the  term  in  the  square  brackets  representing  the  correction  due  to 
the  combined  polarisation  and  earth  current. 

The  values  of  Cj  and  e^  are  best  measured  by  including  between 
the  cable  end  and  the  bridge  a  low  resistance  milliamp^meter  (a 
**  Weston  "  instrument  is  very  suitable  for  this  purpose),  e  can  be 
determined  by  noting  the  permanent  deflection  given  on  the  bridge 
galvanometer,  a  high  resistance  being  included  in  the  circuit,  and 
then  comparing  this  deflection  with  one  obtained  from  a  standard 
cell  in  the  place  of  the  cable. 

In  order  that  good  results  may  be  obtained,  the  ratio  of  Ci  to 
Ct  should  not  be  more  than  3  to  1  or  less  than  2  to  1,  and  the 
currents  should  be  strong,  i.e.  up  to  about  20  or  80  milliampires. 


Btmxb  Jones's  Method. 

304.  Mr.  J.  Bymer  Jones,  as  the  result  of  a  large  number  of 
experiments,  found  that  the  resistance,  r,  up  to  the  fault  is  very 
approximately  given  by  the  formula 

r  =  2-657  Bi-1 -657  Bj, 

*  Values  of  fi^ oorresponding  to  Tarioiu  Talues  of  n  are  giten  in  Table  X. 

Vn  —  1 

t  Mr.  Bchaefer  giv68  this  equation  in  the  form 

,.B.-*-B,,,;f5-i[(i-^_),;?^---^]. 
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Bi  beiog  the  resistanoe  measured  with  the  higher  ounent  and  B, 
tlukt  with  the  lower  current,  the  halanoe  on  the  bridge  b^g  to 
true  and  not  iofalae  zero. 

Thna,  to  take  the  results  given  in  the  example  to  Eennelly's 
method,  viz. 

Bi  =  485  B,  sr  425, 

we  get 

r  =  2-557  X  435  -  1-557  x  445  =  419-4. 

Several  measnrements  of  B^  and  B,  should  be  made  in  quick 
succession  and  the  mean  of  the  most  regular  values  taken* 

An  advantage  of  the  test  is  that  the  difference  between  the 
measured  values  B^  and  B,  indicates  whether  the  result  may  be 
depended  on,  or  whether,  and  what,  correction  is  necessary.  The 
weaker  the  current  the  greater  is  the  difference  between  B^  and  B^ 
This  may  be  ascertained  for  various  exposures  by  experiments  on 
the  particular  cable  cores  in  a  bucket  of  sea  water.  After  localisa- 
tion tests,  join  up  a  known  resistance — approximately  equal  to 
Bi — ^in  circuit  with  pieces  of  the  cable  core  having  respectively 
exposures  of  i  inch,  ^  inch,  and  also  that  given  by  a  clean  cut. 
These  should  each  be  tested  with  the  same  two  current  strengths 
as  applied  to  the  cable  for  the  real  fault  Or  a  table  of  differences 
may  be  made  beforehand  for  these  exposures  with  current  strengths 
of  10  and  5  milliamp^res.  It  is  found  that  a  newly  made  conduc- 
tor exposure,  even  when  unfingered,  gives  a  calculated  result  rather 
higher  than  that  obtained  when  it  has  been  allowed  to  remain  in 
salt  water  for  some  time,  or  has  been  already  tested  with  a  nega- 
tive current  so  as  to  improve  the  surface  contact  with  the  salt 
water  and  approximate  in  this  respect  the  condition  of  the  broken 
end  of  the  cable  conductor. 

In  the  majority  of  breaks  with  core  107  lbs.  copper  and  140  lbs. 
guttapercha,  the  exposure  will  be  sufficient  to  ensure  a  true  result 
without  any  correction,  since  for  exposures  of  from  1  inch,  or  over, 
to  I  inch,  the  calculated  distance  is  closely  the  same.  If  then  the 
difference  between  Bi  and  B,  be  no  more  than  that  obtained  with 
the  experimental  core  having  ^  inch  exposure,  it  will  be  evidence 
that  the  fault  resistance  is  unimportant  and  that  the  calculated 
resistance  may  be  relied  on.  Should  the  difference  be  about  that 
obtained  with  ^  inch  exposure  (for  the  before  mentioned  core), 
then  subtract  5  per  cent,  from  the  result,  and  if  the  difference  be  as 
great  as  for  a  clean  cut  the  calculated  result  will  be  about  30  per 
4)ent.  too  high.  In  the  case  of  a  larger  difference  still,  comparison 
should  be  made  with  smaller  experimental  exposures. 
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Very  small  expoeuroB  will  be  apparent  by  the  gas  set  free  by 
the  higher  testing  current  (10  miUiamp&res),  and  if  the  balanoe 
be  very  unsteady  from  this  cause  it  will  be  well  to  open  out  and 
clean  the  fault  with  a  strong  negative  current  and  then  test 
again.  . 

A  poeiHve  current  applied  for  about  one  minute  before  repeat- 
ing the  above  test  will  sometimes  give  a  steadier  result.  As  this* 
however,  reduces  the  difference  between  B  and  C  considerably 
without  greatly  redudng  the  calculated  result,  the  approximate 
difference  with  the  negative  currents,  before  applying  the  short  poei^ 
tite  current^  should  be  taken  as  the  more  reliable  index  of  the 
resistance  to  be  subtracted  from  the  calculated  distance  (in  ohms) 
of  a  small  fisiult. 

With  the  core  referred  to  (107  lbs.  copper  and  140  lbs.  gutta- 
percha), and  with  currents  (for  B^  and  B,  respectively)  as  high  as 
40  and  20  milliamp^res,  the  results  obtained  for  exposures  of  from 
1  to  -j^  inch  do  not  differ  greatly  from  each  other,  they  are,  how- 
ever, rather  too  high,  whereas  10  and  5  milliamp^res  give  very 
close  results;  with  currents  of  10  and  5  milliamp^res  there  is, 
moreover,  the  important  advantage  that  less  gas  is  evolved  at 
the  fault,  and  balances  are  therefore  much  more  reliable  with  the 
smaller  exposures.  For  these  reasons  it  is  recommended  to  use 
10  and  5  <ailliamp^res  for  aU  exposures. 

The  principle  of  testiug  an  experimental  core. fault  vfiih  an 
escpoeure  giving  approanmately  the  eame  difference  between  B^  and  B, 
Oi  when  testing  the  cable  and  in  circuit  with  coils  having  a  knoum 
resistance  closely  equalling  that  measured  up  to  the  &ult,  and 
using  the  same  two  battery  currents  as  for  the  cable  test,  is  dearly 
a  good  one  for  obtaining  a  reliable  standard  of  comparison,  because 
the  two  tests  are  made  under  precisely  the  same  conditions.  If, 
therefore,  the  experimental  core  works  out  correctly  the  same 
satisfactory  results  may  be  expected  for  the  cable  tests ;  while  if 
the  calculated  resistance  in  the  case  of  the  experimental  fault  be 
too  high  or  too  low  a  corresponding  correction  will  be  necessary 
for  the  cable  fault. 

Even  though  the  two  current  strengths  be  not  10  and  5 
milliamp^res,  and  have  not  a  ratio  of  exactly  2  to  1,  it  is  not 
material,  provided  we  have  this  standard  of  comparison,  because 
any  error  in  the  result  obtained  in  the  cable  fault  test  will  be  the 
same  as  for  the  experimental  fault  test,  since  the  latter  being 
known,  it  can  be  added  to  or  subtracted  from  the  distance  in  ohms 
of  the  cable  earthy  as  calculated  from  the  formula,  thus  the  true 
result  can  be  obtained  irrespective  of  disproportionality  in  the 
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two  ouTrent  strengths  employed  and  the  existence  of  &tilt  resist- 
anoe,  if  any. 

The  formula  does  not  of  oonrse  oorreot  for  any  ctctwil  resistance 
which  the  fault  has  when  the  exposure  is  very  small,  and  which 
must  be  distinguished  from  the  apparent  resistance  due  to  polari- 
sation ;  for  Kennellj's  law  of  inverse  square  roots  applies  only  to 
dean  surfaces  and  to  the  measured  resistance  between  the  exposed 
conductor  and  a  large  body  of  water,  so  that  any  intervening 
matter — whether  it  be  a  liquid  confined  in  a  contracted  space  or  a 
solid  incrustation  on  the  conductor — will  vitiate  the  result,  and  no 
formula  or  test  has  yet  been  suggested  whereby  the  conductor  \^/ 
resistance  can  be  differentiated  from  any  other  resistance  (whether 
fluid  or  solid)  in  circuit  with  it. 

For  exposures  exceeding  ^  inch  comparison  with  an  experi- 
mental fault  is  imnecessary  so  far  as  the  apparent  fault  resistance 
is  concerned,  for  that  is  eliminated  by  the  formula,  but  it  is  valu- 
able as  a  check  in  case  the  two  battery  powers  are  not  exactly  in 
the  ratio  of  2  to  1. 

If  a  preliminary  test  shows  the  resistance  in  circuit  to  be  less 
than  1000  ohms,  then  put  in  circuit  with  the  cable  about  1000 
additional  ohms — to  be  afterwards  deducted  from  the  calculated 
result — so  that  the  difference  in  the  fault  resistance  may  not 
materially,  alter  the  ratio  2  to  1  of  the  currents  through  the  fault 
when  measuring  B^  and  B^* 

It  is  important  to  test  first  with  the  higher  current  and  to 
keep  it  on  until  the  balance  is  steady^  as  the  resistance  will  some- 
times creep  up,  especially  when  tcbting  a  heavy  core,  such  as 
660  lbs.  copper  and  400  lbs.  guttapercha.  A  battery  commutator 
is  also  desirable  to  change  quickly  from  one  current  strength  to 
the  other. 


Number  of  cells  for  the]       j>    ,  TNearest  number"! 

higher  testing  current,/  =  -^qq —  ^^^    I       divisible  by  2  [; 
10  milliamp^res  J  '  L     to  be  used.      J 


where 


e  =  voltage  of  single  cell  of  battery ; 

B  =  approximate  resistance  of  cable  conductor  and  fault  by 
preliminary  measurement  to  false  zero  with  negative 
current; 

r  =  resistance  in  cable  branch — viz.  1000  ohms,  using  pro- 
portional parts  1000  :  1000. 
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Eingbford's  Method.* 

805.  This  method  is  a  modification  of  Blavier's  test  and  its 
object  IB,  that  in  both  the  measurements  made,  viz.  one  with  the 
further  end  of  the  cable  insulated  and  the  second  with  the  further 
end  put  to  earth,  the  current  flowing  out  at  the  fault  shall  be  the 
same.  This  is  effected  by  connecting  a  resistance  to  the  end  of  the 
cable  nearest  to  the  fault  when  the  first  measurement  is  made.  If 
this  resistance  be  r,  then  formula  [1],  page  270,  becomes 

which  makes  the  value  of  a 


a  =  It  -  V(«-/i-r)(L-iO-  [A] 

Now  r  in  this  equation  requires  to  be  of  such  a  value  that  the 
current  flowing  through  the  faxHt  in  the  two  measurements  is  the 
same ;  thus  if  E  be  the  electromotive  force  causing  the  current  C, 
we  must  have 

E 


C  = 


r  +  a+f 
E  6  Eb 


E  Eb 


and 

therefore 

therefore 
or 
that  is 

but 

and  also  (page  270,  equation  [3]) 

6  =  L  —  a; 

therefore 

L  -  o      • 

*  'Fraoeeding*  of  the  Booiety  of  Telegraph^Englneen,'  vol.  xir^  Des.  10th, 
1885. 


r  +  a+f     ab  +  af+bf 

rb  +  ab  +  bf  =  ab  +  af  +  bf 

rbszaf. 
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therefore 

hr  -^  at  ss  al  -^  a^  ^  at 
that  is 

What  we  have  then  to  do  is  first  to  make  rough  tests  of  I  and  l^^ 
giving  r  any  valne  we  like,  and  then  having  worked  out  the  value 
of  a  from  equation  [A]  (page  286)  to  insert  the  value  in  equation 
[B],  and  thus  to  obtain  r  approximately.  We  then  make  new  tests 
of  I  and  liy  giving  r  this  oaloulated  value ;  this  (from  equation  [A]) 
will  give  us  a  nearer  its  correct  value.  The  oorrected  value  of  a 
thus  obtained  is  then  inserted  in  [B],  and  r  again  worked  out,  and 
the  new  value  thus  obtained  is  used  to  make  a  third  test  which 
will  enable  us  to  get  the  value  of  a  closer  stilL  Thus  by  making 
a  series  of  tests  in  this  way,  we  soon  arrive  at  one  which  gives 
very  approximate  results,  i.  e.  results  such  that  when  we  work  out 
a  from  formula  [A]  and  then  insert  it  in  formula  [B],  we  find  that 
the  value  of  r  obtained  from  this  formula  corresponds  closely  with 
the  value  of  r  which  we  are  using  in  making  the  test. 

A  continued  experience  of  this  method  of  testing  has  shown 
that  it  enables  very  satisfactory  results  to  be  obtained. 

306.  Practice  is  required  before  any  of  the  foregoing  tests  can 
be  satisfactorily  made.  An  artificial  line,  however,  can  easily  be 
formed  with  resistance  coils  to  represent  the  resistance  of  the  line 
up  to  the  fault,  and  a  short  piece  of  cable  core  which  has  been 
pierced  with  a  needle  for  the  fault  itself.  This  piece  of  core 
should  be  immersed  in  a  vessel  of  sea-water,  using  a  piece  of 
galvanised  iron  plate  or  wire  for  an  earth.  By  this  means  a  very 
fair  idea  of  some  of  the  difficulties  encountered  in  testing  for  faults 
in  cables  may  be  obtained,  and  good  practice  made. 

It  may  be  added  that  the  accurate  regulation  and  measurement 
of  the  strengths  of  the  currents  used  when  localising  faults  in 
cables  is  a  matter  of  very  great  importance,  and  the  practice  of 
roughly  estimating  their  value  from  the  electromotive  force  of 
the  testing  battery  and  the  various  resistances  in  circuit  is  quite 
insufficient  to  enable  accurate  results  to  be  obtained.  The  use  of 
a  direct  reading  galvanometer,  or  rather  milliamp^remeter,  in  the 
circuit  through  which  the  current  whose  strength  should  be  known 
is  flowing,  is  an  indispensable  adjunct  to  the  apparatus  used  for 
the  localisation  of  faults.  The  **  Weston  "  miUiamperemeters  are 
very  suitable  for  the  purpose. 
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Jacob's  Deflsction  Method. 

307.  A  disadvantage  in  nsing  the  Wheatstone  bridge  for 
measuring  the  reBistances  in  the  foregoing  methods  is  the  time 
it  takes  to  arrive  at  balanoe,  and  the  difficulty  of  seeing  what  is 
happening  in  the  way  of  earth  currents,  polarisation,  dec.;  the 
determination  of  the  resistance  by  deflection  is,  however,  as  rapid 
a  method  as  can  be  desired,  and  allows  of  continuous  observation 
of  the  behaviour  of  the  &ult.  The  only  requirements  for  the 
test  are,  the  battery  with  a  reversing  switch,*  a  Thomson  mirror 
galvanometer  with  a  reversing  key,*  and  a  set  of  resistance  coils. 
The  battery,  galvanometer,  and  cable  are  first  joined  up  in  circuit, 
one  pole  of  the  battery  and  the  further  end  of  the  cable  being  to 
earth ;  and  the  galvanometer  being  shunted  by  a  shunt  of  very 
low  resistance  (a  short  piece  of  wire  answers  well  for  this  purpose). 
The  needle  of  the  galvanometer  is  turned  so  that  it  has  a  large 
inferred  zero  (§  69,  page  73). 

The  apparatus  being  thus  joined  up,  the  battery  is  switched  on 
and  one  of  the  galvanometer  reversing  keys  depressed  so  that  the 
needle  of  the  galvanometer  turns  in  the  direction  necessary  to 
bring  the  spot  of  light  on  the  scale ;  by  adjusting  the  shunt  this 
deflection  is  brought  to  a  convenient  position.  The  galvanometer 
reversing  key  is  now  released,  the  battery  is  reversed  by  means  of 
its  switch,  and  then  the  second  reversing  key  of  the  galvanometer 
is  depressed  so  that  the  deflection  of  the  galvanometer  needle  is  in 
the  same  direction  as  it  was  in  the  first  instance.  Since  in  one 
case  the  battery  current  is  in  the  same  direction  as  the  earth 
current,  and  in  the  other  case  it  is  opposing  it,  the  two  deflections 
will  differ,  but  by  a  judicious  adjustment  of  the  shunt  and  of  the 
/  magnitude  of  the  inferred  zero  it  may  be  arranged  that  both 
^  deflectious  come  well  within  the  range  of  the  scale,  the  shunt 
being  the  same  in  both  cases.  These  preliminaries  being  arranged, 
the  shunt  and  the  zero  position  must  not  be  altered  during  the 
series  of  tests.  A  number  of  deflections  are  now  taken  with  each 
current,  and  by  a  proper  manipulation  of  the  short-circuiting 
key,*  the  oscillations  of  the  needle  can  be  checked  so  quickly  that 
the  value  of  the  deflections  can  be  determined  within  two  or  three 
seconds  or  less  after  the  battery  has  been  switched  on :  thus  the 
behaviour  uf  the  fault  can  be  carefully  observed  and  the  reliability 
of  the  readings  with  either  current  assured  without  a^y  great 
difficulty. 

•  Chapter  X. 
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After  the  necessary  deflections  have  been  determined,  the  set 
of  resistances  is  substituted  in  the  place  of  the  cable,  and  the 
deflections  obtained  are  reproduced. 

Let  di  and  d^  be  the  deflections  obtained. 

Let  E  and  e  be  the  respective  electromotive  forces  of  the 
battery  and  of  the  earth  or  cable  current. 

Let  X  be  the  resistance  being  measured. 

Let  Bi  and  R,  be  the  resistances  required  to  reproduce  the 
deflections  d^  aud  cf,. 

Lastly,  let  C^  and  C,  be  the  currents  producing  the  deflections 
d^  and  d^ ;  and  let  TSL  be  the  resistance  of  the  battery  and  shunted 
galvanometer. 

Now  when  the  deflections  are  taken  on  the  cable  we  have 

""Hi  m 

and 

When  the  same  deflections  are  taken  with  the  resistance  coils 
in  the  place  of  the  cables,  then  we  have 


and 

consequently  we  havA 

or 

or 

therefore 

We  also  have 


c, 

E 

c. 

E      . 

~B  +  B,' 

E  + 

»           E 

R  + 

x-k  +  u,' 

E  + 

«       R  + « 

E 

-B  +  K,' 

1  + 

e       E  +  a  . 
E~B-Ri' 

« 
1  = 

B  +  as       , 
E  +  B,       '• 

E- 

«           E 

[3] 


B.  +  X      R  +  R,' 
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or 


therefore 
therefore 


1^1  ._?±J?.. 
E"         K  +  Rj' 


or 


B  +  R,  R  +  Ra' 

2(R  +  R0(R  +  R,)  ^j^  p^. 

*~(R"+RO  +  (R  +  Ra)  ^^ 

that  is  to  Bay,  x  equals  the  harmfmic  mean  of  (R  +  R^)  and  (R  +  R,), 
miniis  R.  In  fact  we  have  to  add  R  to  both  R^  and  R,,  take 'the 
harmonio  mean  of  the  results,  and  then  subtract  R  from  this  mean. 
If  R  oan  be  made  so  low  as  to  be  negligible,  then  of  course  the 
formula  becomes  oon^iderably  simplified,  x  being  equal  to  the 
harmouio  mean  of  R^  and  R,. 

Although  R  could  be  determined  by  a  separate  measurement 
and  then  inserted  in  the  formula,  there  is  no  absolute  necessity 
for  doing  this,  since  we  have  actually  all  the  data  requisite  to 
determine  x  without  knowing  the  value  of  R.  From  equation  [3] 
we  have 

Ci  Rj  :=  E  —  Cj  R, 
and  from  equation  [2] 

Cj  Rj  =  E  ^  C2  R» 
therefore 

Ci  Ri  -f  C,  R2  =  2  E  -  R  (C|  +  Cj). 

Also  from  equation  fl]  and  [2]  we  have 

2E 


01  +  0,=: 


R-f  « 
therefore 

C^  Ri  +  Ca JR^  ==K  +  a;-R  =  a;. 
C\  +  C2 

Since  the  currents  Cj  and  C,  »re  represented  by  the  deflections 
d^  and  d^  we  have 

_  d^  Ri  +  da  Ra  riji 

an  equation  which  is  simpler  than  equation   [A]  (above)  and 
which  does  not  require  R  to  be  known  or  to  be  made  negligible, 
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thoiigh  in  order  to  make  the  test  with  the  greatest  chance  of 
accuracy  it  is  advisable  that  B  should  not  have  a  high  value,  for 
reasons  which  have  been  explained  in  §  96,  page  103. 

If,  however,  equation  [B]  is  made  use  of  it  would  be  necessary 
to  make  the  zero  of  the  galvanometer  some  point  on,  and  not  off, 
the  scale,  otherwise  we  should  not  know  what  are  the  true  values 
of  the  deflections  d^  and  ^2^  By  making  the  zero  at  the  extreme 
end  of  the  scale  the  range  will  be  700  divisions^  which  ^^11  gene- 
rally enable  sufficiently  accurate  tests  to  be  effected. 


Kempe's  Loss  of  Current  Test.* 

308.  In  this  test,  which  is  shown  by  Fig.  123^  a  battery  E  is 
permanently  connected,  through  a  galvanometer  G^,  to  one  end  A 
of  the  cable,  the  further  B  being  connected  to  earth  through  a 
second  galvanometer  G. 


H-I^Ka 


C  I    ^ 


Earth 


<2H 


Karth 


V/M 

Earth 


Pio.  123.' 


Let  C,  be  the  current  sent  through  the  galvanometer  Gj,  ami 
let  C,  be  the  current  received  on  the  galvanometer  G,  then 


a  =  a 


/ 


or, 


/ 


Let  the  resistance  beyond  A  be  Zg,  then 


k=a  + 


f(h-hG) 


a  +  l\h  +  Q); 


f  +  b  +  G 

also,  as  in  the  previous  tests,  let 

a  +  ^  =  L,     or,    &  =  L  —  a. 


*  This  test  was  first  described  by  the  Author  in  the  SMond  edition  of  the 
present  work  in  the  year  1881,  but  it  was  also  independently  demised  by  M. 
Emile  Lecoine  and  described  by  him  in  the  *  Bulletin  de  la  Sooi^t^  intemationtile 
des  Sleotririens/  for  April  1886. 

U  2 
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then  by  snbstitntion  we  get 

therefore 

that  is 

a(C.-C,)  =  C.I,-a(L  +  G), 
or 

" cr^ro — 

If  the  galvanometer  G  is  shunted,  then  G  in  the  formnla  mnst 
be  the  combined  resistance  of  the  galvanometer  and  shnnt. 

L  in  this  equation  is  known,  it  being  the  condnctor  resistance 
of  the  cable  when  sound,  l^  is  easily  determined,  when  the 
o'bservations  with  the  cable  are  completed,  by  joining  up  the  gal- 
vanometer Gi  and  battery  E  in  circuit  wi^  a  set  of  resistance 
coils,  and  then  adjusting  the  latter  until  the  deflection  on  the 
galvanometer  Gi  is  observed  to  be  the  same  as  it  was  when  the 
cable  was  in  circuit;  the  resistance  in  the  resistance  coils  then 
gives  the  value  of  Zj.* 

In  order  to  determine  0,  and  C,  we  must  compare  the  deflec- 
tions they  produce  on  the  respective  galvanometers,  with  the 
deflections  obtained  on  the  same  galvanometers  from  a  standard 
current  of,  say,  1  milliamp^re. 

Supposing  both  stations  are  provided  with  standard  dry  cells 
(page  157)  of  known  electromotive  force,  then  each  station  having 
noted  the  deflection  obtained  when  in  circuit  with  the  cable,  dis- 
connects his  galvanometer  from  the  latter,  and  puts  it  in  circuit 
with  his  standard  cell,  and  with  such  a  total  resistance  as  will 
give  a  current  of,  say,  1  milliamp^re.  The  deflection  is  again 
noted;  then  this  deflection,  divided  into  the  deflection  obtained 
when  the  cable  was  in  circuit,  gives  the  value  of  C,  or  C^  as  the 
case  may  be. 

For  example. 

In  testing  a  cable  by  the  foregoing  test,  the  connections  being 
made  as  in  Fig.  123,  station  A  obtained  a  deflection  on  his  galvano- 
meter equivalent  to  2800  divisions ;  station  B  obtained  a  deflection 
equivalent  to  1520  divisions. 

The  deflection  obtained  by  A  on  his  galvanometer  with  a 

•  Bfe  5  3,  puge  1. 
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standard  diy  cell  of  1  *  52  volts  e.m.f.  througli  a  total  resistanoe 
of  1520  ohms  was  100  divisions,  and  the  deflection  obtained  by 
station  B  with  a  standard  dry  oell  of  1*50  volts  e.m.f.  through  a 
total  lesistance  of  1500  ohms  was  95  divisions;  then 

C-2800^  1.1520^ 

^--locr-^^'  ^'--95"-^^- 

The  value  of  ^3  was  found  to  be  280  ohms,  and  the  values  of  L  and 
G  were  known  to  be  345  ohms  and  5  ohms  respectively.  What 
was  the  value  of  a  ? 

^  ^  (28  X  280)  -  [16  X  (345 +  5)]  ^  ^g^.^  ^^^^ 
28  -  16 

If  the  cable  had  a  conductivity  resistance  of  10  ohms  per  mile, 
then  the  distance  of  the  fault  from  A  would  be 

186-7       ,„  ,^      ., 
— —  =  18-67  miles. 

If  a  shunt  is  used  on  G,  then  the  deflection  must  of  course  be 
multiplied  by  the  multiplying  power  of  the  shunt. 

A  great  advantage  which  this  test  possesses  lies  in  the  fact, 
that  all  the  necessary  observations  with  the  cable  can  be  made 
simultaneously,  station  A  arranging  with  station  B  that  at  a 
definite  time  the  observations  are  to  be  made  on  the  galvano- 
meters ;  there  is  thus  no  chance  of  error  from  the  fault  changing 
its  resistance  between  two  independent  observations,  as  might 
occur  in  the  other  tests. 

It  has  been  assumed  that  this  test  has  been  made  with  Thom- 
son galvanometers,  and  it  is  advisable  if  possible  to  employ  them ; 
the  directing  magnets  in  the  instruments  would,  however,  have 
to  be  placed  very  low  down  and  very  low  shunts  employed,  other- 
wise the  deflections  obtained  would  be  beyond  the  range  of  the 
scale. 

309.  It  will  sometimes  be  found  that  the  cable  is  traversed  by 
an  earth  current.  The  effects  of  this  may  bo  eliminated  (as  flrAt 
suggested  by  Mr.  Latimer  Clark)  by  means  of  a  compensating 
battery  of  one  or  two  large-siZQd  Daniell  cells,  inserted  between 
the  end  of  the  cable  and  the  galvanometer.  The  number  of  these 
cells  used  should  be  slightly  in  excess  of  that  required  to  counter- 
act the  earth  current,  exact  balance  being  obtained  by  means  of  a 
shunt  inserted  between  the  terminals  of  the  battery.     To  eflect 
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this  adjutttment,  previotis  to  putting  on  the  battery  E,  we  should 
connect  the  galvanometer  to  earth,  and  then  adjust  the  compen- 
sating battery  shunt  until  no  deflection  is  obtained.  This  being 
done,  the  battery  E  is  connected  up  and  the  test  made  as  if  no 
earth  current  existed. 

It  will  seldom  be  found  that  a  larger  compensating  battery 
than  one  or  two  cells  is  required  to  produce  a  balance,  and  if 
these  be  of  a  large  size  their  internal  resiBtance  may  practically 
be  ignored. 

It  is  advisable  to  make  the  current  from  the  testing  battery 
flow  in  the  same  direction  as  the  current  which  tends  to  flow  from 
the  compensating  battery;  thus,  if  the  latter  requires  to  be 
inserted  so  that  the  zinc  pole  is  connected  to  one  terminal  of  G| 
and  the  copper  pole  to  the  end  A  of  the  cable,  then  the  copper  pole 
of  the  testing  battery  should  be  connected  to  the  second  terminal 
of  G I  and  the  zinc  pole  to  earth. 

Best  Conditions  for  making  the  Test, 

The  resistances  of  the  battery  E  and  galvanometers  G  and  G^ 
should  be  as  low  as  possible. 

The  Loop  Test, 

310.  When  a  faulty  cable  is  lying  in  the  tanks  at  a  factory  so 
that  both  ends  of  it  are  at  hand,  or  when  a  submerged  cable  can 
be  looped  at  the  end  farthest  from  the  testing  station  with  either 
a  second  wire,  if  it  contains  more  than  one  wire,  or  with  a  second 
cable  which  may  be  lying  parallel  with  it,  as  is  often  the  case, 
then  the  simplest  and  most  accurate  test  for  localising  the  position 
of  the  fault  is  the  loop  test. 

This  test  is  independent  (within  certain  limits)  of  the  resistance 
of  the  fault,  thus  doing  away  with  the  necessity  of  cleaning  and 
depolarising,  as  would  be  necessary  in  the  ordinary  teaU. 

There  are  two  ways  of  making  this  test  with  the  form  of 
apparatus  hitherto  described. 


Murray's  Micthod. 

311.  Fig.  124  shows  the  theoretical  and  practical  arrange- 
ments. j>  is  the  point  where  the  two  wires  or  cables  are  looped 
together  at  the  further  station,  /  being  the  fault. 

Let  X  be  the  resistance  from  C  to  the  fault,  y  the  resistance 
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from  E  to  the  fault.    Then  B  C  being  plugged  up  and  A  B  (6) 
and  E  A  (d)  adjusted  until  equilibrium  is  produced, 


•^^l^[^^^ 


^^I^iHA 


Fig.  124. 


'Let  L  be  the  total  oonduotivity  resistance  of  the  whole  loop, 
then 

aj  -f  y  =  L, 
therefore 


substituting  this  value  of  y  in  the  above  equation,  we  get 
6(L  -«)  =  <l  X  «, 
h 


from  which 


X  =  L 


h  +  d 


To  obtain  L,  we  should  simply  join  up  for  the  ordinary  oon- 
duotivity test,  as  shown  by  Fig.  96  (page  210).  The  fault  in  this 
case  has  no  effect  upon  the  test,  provided  it  is  not  caused  by  the 
complete  fracture  of  the  cable ;  in  the  latter  case  the  broken  ends 
become  covered  with  salts,  which  would  make  the  resistance 
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appear  higlier  than  it  really  is.  When,  howeyer,  the  fanlt  is  dne 
to  a  simple  imperfection  in  the  insulating  sheathing,  the  ordinary 
oonductivity  test  gives  the  correct  result. 

It  is  advisable  to  keep  a  record  of  the  conductivity  resistance, 
BO  that  it  can  be  ascertained  without  the  necessity  of  making  a 
measurement. 

812.  In  the  practical  execution  of  this  loop  test,  the  connections 
being  made  as  shown  by  the  figure,  all  the  plugs  between  B  and 
G  must  be  inserted ;  this  is  necessary,  because  the  galvanometer 
connection  is  made  on  the  terminal  B',  which  is  the  same  as  B, 
instead  of  on  to  C.  The  test  could  be  made  by  placing  the  gal- 
vanometer on  to  C,  but  in  that  case  we  should  lose  the  advantage 
of  the  key,  which  it  is  always  best  to  use. 

The  plugs  being  inserted  between  B  and  C,  and  the  other  plugs 
being  in  their  places,  we  should  remove,  say,  the  1000  plug  from 
between  A  and  B,  and  having  pressed  down  the  left-hand  key,  to 
put  the  battery  current  on,  which  should  be  a  zinc  (or  negative) 
one  as  shown,  we  should  adjust  the  plugs  between  D  and  E, 
pressing  down  the  right-hand  key  an  required  until  eqtiilibrium  is 
produced.  The  different  reeistances  being  inserted  in  the  formula, 
X  is  found,  which  being  divided  by  the  conductivity  resistance  per 
mile  of  the  cable,  gives  the  position  of  the  fault:. 

For  example. 

A  cable  50  miles  long,  whose  total  conductivity  resistance  was 
450  ohms,  that  is,  9  ohms  per  mile,  was  looped  with  a  second  cable 
which  had  the  same  length  and  conductivity  resistance  as  the  first 
cable — the  resist anoe  of  the  loop  being  450  x  2  =  900  ohms.  The 
adjusting  resistance  in  d  to  obtain  equilibrium  was  4000  ohms, 
h  being  1000  ohms,  then 

Dividing  this  by  the  conductivity  resistance  per  mile,  which  is 
9  ohms,  we  get  a  distance  of  fault  from  testing  station  s=  i^ 
=  20  miles. 

In  xpaking  a  test  of  this  kind  it  is  advisable  to  use  as  high 
resistances  as  possible  in  6  aiid  d,  because  the  greater  these  resist- 
ances the  greater  will  be  the  range  of  adjustment. 

313.  We  know  that  the  best  galvanometer  to  employ  would  be 
one  whose  resistance  does  not  exceed  10  times  the  joint  resistance 
of  the  resistances  on  either  side  of  it.*     In  practice,  the  resistance 

♦  Chapter  XXV. 
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h  and  d  would  always  be  greater  than  the  resiHtanoe  of  the  looped 
cables,  and  the  joint  resistance  of  the  two  resistances  would  con- 
sequently never  be  more  than  one-half  the  resistance  of  the  looped 
cables ;  if,  therefore,  we  use  a  galvanometer  with  a  resistance  not 
more  than,  say,  five  times  the  resistance  of  the  looped  cables,  we 
may  be  sure  that  the  conditions  are  very  fiftvourable  for  making 
an  accurate  test. 

The  value  which  d  should  have  depends  upon  the  value  given 
to  5,  and  since  the  range  of  adjustment  is  large  in  propoi-tion  as  d 
is  large,  therefore  for  this  reason  it  is  advantageous  to  make  h  as 
large  as  possible ;  bnt  it  is  not  advisable  to  make  it  higher  than  is 
requisite  to  obtain  what  may  be  considered  to  be  a  sufficient  range 
of  adjustment,  for  by  making  h  and  d  large  the  current  which 
passes  out  of  the  battery  becomes  diminished,  and  consequently 
the  effect  on  the  galvanometer  will  also  be  diminished.  This  can 
of  course  be  compensated  for  by  adding  on  extra  batteries,  but  as 
the  number  of  the  latter  may  have  to  be  inconveniently  large,  it  is 
as  well  to  avoid  doing  so,  otherwise  there  is  no  limit  to  the  values 
which  may  be  given  to  h  and  d. 

It  is  possible  to  avoid  making  h  and  d  high  by  making  the 
latter  resistance  adjustable  to  a  fraction  of  a  unit. 

If  the  fault  has  a  very  large  resistance  the  employment  of  high 
battery  power  is  inevitable,  as  this  high  resistance  is  directly  in 
circuit  with  the  battery.  In  such  a  case,  however,  we  may  make 
h  and  d  as  high  as  we  like,  for,  ioasmuch  as  the  current  flowing 
out  of  the  ba.ttery  depends  upon  the  total  resistance  in  its  circuit, 
the  result  of  making  h  and  d  high  is  to  add  but  very  little  to  the 
total  resistance,  unless  indeed  they  are  very  excessive,  which  in 
practice  can  hardly  be  the  case. 

To  sum  up,  then,  we  have 

Beat  Conditions  for  making  Murray' a  Loop  TesL 

314.  Make  h  as  high  as  is  necessary  to  obtain  the  required 
range  of  adjustment  in  <2 ;  if  5  and  d  would  in  this  case  require  to 
be  excessive  compared  with  the  resistance  of  the  loop,  d  must  be 
adjustable  to  a  fraction  of  a  unit. 

Employ  a  galvanometer  whose  resistance  is  not  more  than 
about  five  times  the  resistance  of  the  looped  cables. 

Employ  sufficient  battery  power  to  obtain  a  perceptible  deflec- 
tion of  the  galvanometer  needle  when  d  is  1  unit,  or  a  fraction  of  a 
unit,  out  of  exaot  adjustment. 
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Varley's  Method. 
315.  This  is  Bhown  theoretically  and  practically  by  Fig.  125. 


Fia.  125. 


In  this  test  B  C  (a)  and  A  B  (6)  are  fixed  resistancea,  and  E  A 
(d)  is  adjusted  until  equilibrium  is  produced.  Then,  x  and  y  being 
the  resistances  of  the  fault  from  E  and  C  respectively, 


and 

therefore 
from  which 

If  6  =  a,  then 


a{d  +  x)  =  hy, 

a{d  +  x)  =  h(L-^x), 

hh^ad 
b  -j-a 
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For  example. 

The  two  cables  being  of  the  same  length  and  conductivity 
resistance  as  in  the  last  example,  and  h  being  equal  to  a,  equili- 
brium was  obtained  by  making  d  =  600 ;  then 

900-600      ^^.     , 
X  = =160  ohms. 

316.  It  is  necessary  that  the  faulty  one  of  the  two  looped  V 
cables  be  attached  to  E,  or  else  it  would  be  impossible  to  obtain 
equilibrium.  If  we  were  testing  a  looped  cable,  and  after  having 
joined  it  up  we  found  that  we  could  not  obtain  equilibrium,  we 
may  be  sure  that  the  fault  lies  between  G  and  p.  The  cable  must 
then  be  reversed,  and  a  fresh  test  made. 

317.  The  conditions  for  making  this  test  with  accuracy  are 
not  quite  so  simple  as  they  were  in  Murray's  test.  In  this  case 
they  are  almost  precisely  similar  to  what  they  are  in  an  ordinary 
bridge  tcbt,  for  tbe  resistance  d  +  y  takes  the  place  of  the  resist- 
ance d  in  the  latter  test,  and  if  we  determine  the  best  conditions 
lor  finding  x  we  practically  determine  the  best  conditions  for 
finding  y^  as  the  test  is  made  in  the  same  manner  for  determining 
either  quantity. 

Jt  is,  however,  always  best  to  have  the  relative  positions  of  the 
battery  and  galvanometer  as  indicated  in  the  figure.  For  if  these 
were  reversed  the  galvanometer  would  be  aflFected  by  any  earth 
or  polarisation  currents  which  might  enter  at  the  fault,  and  this 
would  render  adjustment  difficult.     We  have,  then. 

Best  Conditiona  for  making  Varley'a  Loop  Teat 

318.  Make  a  as  low  as  possible,  but  not  lower  than  — — • 

g  -^x 

Make  h  of  such  a  high  value  that  when  d  is  1  unit  out  from  exact 
adjustment  a  perceptible  movement  of  the  galvanometer  needle  is 
produced. 

A  rough  test  would  first  have  to  be  made  to  ascertain  approxi- 
mately the  values  of  x  and  y,  and  then  if  necessary  the  resistances 
must  be  readjusted  so  that  the  above  conditions  are  satisfied,  and 
then  exact  adjustment  of  E  A  be  made. 

Beat  General  Conditiona  for  making  the  Loop  Teat, 

319.  Although  the  loop  test  avoids  errors  due  to  earth  currents      . 
it  does  not  avoid  errors  due  to  cable  currents,  that  is  to  say,  currents'  — ^, 
set  up  by  chemical  action  at  the  fault  itself;  this  action  causes  a' 
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ourrent  to  flow  in  opponie  directions  tlux)iigh  the  branclies  of  the 
cable  on  either  side  of  the  fault,  in  other  words,  it  causes  a  current 
to  circfdate  in  the  loop.  This  current,  although  comparatively 
weak,  yet  is  sufficient  to  cause  errors  which  it  is  advisable  to  avoid 
if  possible.  Mr.  A.  Jamieson  states  that  by  balanciug  to  a  "  false 
zero  "  (page  266)  the  above  cause  of  error  may  be  eliminated  and  a 
very  considerable  increase  in  the  accuracy  of  the  test  be  obtained. 


Carreetian  for  the  Loop  Test. 

320.  It  sometimes  happens  that  the  resistance  of  the  fault  in  a 
cable  approaches  the  normal  insulation  resistance  of  the  latter; 
then  the  position  of  the  fault  indicated  by  the  loop  test  will  not 
be  its  trne  position.  The  reason  of  this  is,  that  the  current  flowing 
in  a  faulty  cable  has  two  paths  open  to  it :  one  through  the  fault 
and  the  other  through  the  whole  of  the  insulated  sheathing.  The 
cable,  in  fact,  possesses  two  faults :  the  actual  fault,  and  the  fault 
due  to  the  conducting  power  of  the  insulating  sheathing.  This 
second  or  resultant  fault,  as  it  is  called,  in  a  homogeneous  cable  is 
equivalent  to  a  fault  in  the  centre  of  the  cable  of  a  resistance  equal 
to  the  insulation  resistance  of  the  cable  itself  when  in  good  con- 
dition. If  the  cable  is  not  homogeneous  throughout,  this  resultant 
fault  will  lie  away  from  the  oentre.  Its  position  can  be  found, 
however,  by  the  ordinary  loop  test  when  the  cable  is  sound. 

We  have  then  to  determine  the  true  position  of  tlie  fault  when 
the  position  and  resistance  of  the  resultant  fault,  the  insulation 
resititance  of  the  cable  when  imperfect,  and  the  position  of  the  fault 
indicated  by  the  ordinary  loop  test,  are  known.  The  following 
shows  how  this  may  be  done  approximately. 

v8 -Y-*-* 


^==^-n;X] . 


Fig.  126. 

In  Fig.  126  let  A  B  be  the  cable  joined  up  for  the  loop  test, 
/  being  the  actual  fault,  t  the  resultant  fault,  and  f^  the  apparent 
position  of  the  fault  given  by  the  loop  test. 

Let  F  equal  the  resistance  of  t,  that  is,  the  insulation  resistance 
of  the  cable  when  perfect ;  also  let  T  equal  the  insulation  resist- 
anoe  when  the  cable  has  a  fault,  which  resistance  is  due  to  the 
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Joint  resistazLces  of  the  fault  (whicli  we  will  call  e)  and  the  insula- 
tion P ;  then 

.1  =  ^^;  whence  c=Jl^.  \ 

Now  it  is  evident  that  the  position  of /^  with  respect  to  t  and  / 
will  depend  npon  the  relative  values  of  P  and  e :  thus  if  P  and  e 
were  equal,  then  /^  would  lie  midway  between  %  and  /;  if  P  were 
greater  than  r,  then  /^  would  be  nearer/;  or  again,  if  P  were  less 
than  c,  then  /^  would  be  nearer  t.  This  being  the  case  we  have 
the  proportion 

-n      /distance  betweenN  /distance  betweenX 

^-  \       /landt        )'■'■'''{       /jand/       J' 

Let  distance  kfi=sp  and  A  t  =  a,  therefore  distance  %  f^  =  fi 
->  a;  also  let  distance /i/=s  a;,  then 

or 
therefore 

which  gives  us  the  position  of  the  true  fault  beyond  the  apparent 
one. 

Or  the  distance  of  the  fault  from  A  will  be 


P  +  p-^Tj  (P  -  «)  =     p_j    ' 


For  example. 

In  a  looped  cable,  whose  total  length  was  100  miles,  and  total 
conductivity  resistance  900  ohms,  the  ordinary  loop  test  showed 
the  apparent  position  of  a  fault  wliich  existed  in  it  to  be  700  ohms 
from  A,  that  is, 

)8=r  700. 

The  position  of  the  resultant  fault  given  by  the  loop  test  when 
the  cable  was  new  was  found  to  be  500  ohms  from  A,  that  is, 

a  c=  600. 
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The  insulation  resistHnce  of  the  cable  when  new  was  3,000,000 
ohms,  and  when  faulty  600,000  ohms,  that  is, 

P  =  3,000.000. 
I  =     600.000. 

Where  was  the  tnie  position  of  the  fault  ? 
Distance  of  fault  from  A 

_  (TOO  X  3,000,000) J-  (500  x  600,000)  _  7^^    h 

3;000,000 -600,000  -ToUonmR; 

that  is  to  say,  distance  of  fault  beyond  distance  given  by  loop  test 
was 

750  -  )8  =  750  -  700  =  50  ohms. 

Or,  supposing  the  cable  to  have  a  resistance  of  9  ohms  per  mile, 
the  true  distance  of  the  fault  beyond  the  apparent  distance  would 
be  V>  or  5f  miles. 

If  the  cable  be  homogeneous  throughout,  the  resultant  fault 

will  appear  in  the  middle  of  it.     In  this  case  a  will  equal  —* 

it 

where  L  is  the  total  length  of  the  loop. 
If  we  write  the  equation. 

Distance  of  fault  from  A  =  ^— =— , 

in  the  form. 

Distance  of  fault  from  A  = » 

^  "  P 

we  can  eee  that  if  P  is  very  large  then  -  =  0,  in  which  case  wo 

get 

Distance  of  fault  from  A  =  ^, 

as  in  the  ordinary  loop  test 

321.  To  make  the  foregoing  test  satisfactorily,  it  is  necessary 
to  know  what  are  the  insulation  resistances  of  the  cable  when 
good  and  also  when  faulty,  at  the  moment  when  equilibrium  is 
obtained.  Now,  as  will  be  shown  in  Chapter  XV.,  the  insulation 
resistance  (P)  of  a  sound  cable  alters  in  proportion  to  the  time 
a  current  is  kept  on  it ;  but  the  rate  at  which  this  alteration  takes 
])lace  is  definite,  and  can  be  obtained  by  reference  to  previous  tests 
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of  the  cable  made  when  the  latter  was  sound.  The  insulation 
resistance  (I)  of  the  cable  when  faulty  cannot,  however,  be  deter- 
mined by  any  reference  to  previous  tests ;  some  plan  of  enabling  it 
to  be  measured  accurately  is  therefore  necessary. 

A  method  suggested  by  the  late  Mr.  S.  E.  Phillips  enables  this 
to  be  done  in  a  very  satisfactory  manner.  The  whole  of  the  test- 
ing apparatus  is  carefully  insulated  by  being  placed  on  a  sheet  of 
ebonite,  or  on  insulated  supports;  the  experimenter  also  stands 
on  an  insulated  stand  or  a  sheet  of  ebonite.  The  battery  for 
making  the  loop  test,  instead  of  being  connected  directly  on  to 
the  terminal  of  the  resistance  coils,  is  connected  thereto  through 
the  medium  of  a  second  galvanometer.  By  noting  the  deflection 
on  the  latter  at  the  moment  equilibrium  is  obtained  on  the  first 
galvanometer,  and  comparing  it  afterwards  with  the  deflection 
obtained  through  a  known  resistance,  we  obtain  the  value  of  I 
plus  the  combined  resistance  of  the  resistances  in  the  bridge, 
which  quantity  will,  however,  be  insignificant  compared  with  I, 
and  need  not  be  taken  into  a6oount. 

A  note  should  be  made  of  the  time  at  which  the  battery  is 
connected  to  the  instruments,  and  then,  when  the  plugs  are 
adjusted,  equilibrium  obtained,  and  the  deflection  on  the  second 
galvanometer  observed,  the  time  must  again  be  noted,  so  that  the 
period  during  which  the  battery  current  has  acted  may  be  known 
and  the  value  of  P  correctly  obtained. 

The  method  of  determining  the  value  of  P  will  be  considered 
hereafter. 


Individual  Resistance  of  Two  Wires  by  the  Loop  Test. 

322.  The  late  Mr.  S.  E.  Phillips  pointed  out  that  the  loop  test 
may  be  made  very  useful  for  determining  the  individual  resistance 
of  two  wires,  the  leads  in  a  cable  factory  for  instance,  whose  ends 
cannot  be  got  at  to  connect  to  the  testing  apparatus. 

To  do  this,  the  further  ends  of  the  leads  would  be  joined 
together,  and  the  junction  put  to  earth.  It  is  evident,  then,  that 
the  loop  test  applied  to  the  wires  would  give  the  resistance!  of 
either  of  them  to  their  junction. 

(For  other  methods  of  localising  faults,  see  Chapters  XVII., 
XXIir.,  and  XXIV.) 
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CHAPTER  X. 
KEYS,  SWITCHES,  CONDENSERS,  AND  BATTERIES. 

Short-circuit  Egts. 

323.  Although  the  short-circuit  plug-hole  is  convenient  to 
avoid  accidental  currents  being  sent  through  the  galvanometer 
when  the  various  re>istance  coils,  batteries,  ^.,  are  being  joined 
up  for  making  a  measurement,  yet  a  key  which  in  its  normid  con- 
dition short  circuits  the  galvanometer,  is  extremely  useful. 


Fio.  127. 


Fig.  128. 


Such  a  key  is  represented  by  Fig.  127.  In  its  normal  condi- 
tion the  spring  rests  against  a  platinum  contact,  and,  when  pressed 
down,  against  an  ebonite  one. 

The  two  terminals  of  the  shunt  are  connected  to  the  terminals 
of  the  key ;  these  terminals  in  this  and  most  keys  are  double,  so 
as  to  enable  the  wires  leading  to  the  resistance  coils,  batteries,  &c., 
to  be  conveniently  connected  to  them. 

If  it  is  required  to  keep  the  key  pressed  down  for  a  lengthened 
period,  a  small  piece  of  sheet  ebonite  or  gutta-percha  can  be 
slipped  in  between  the  contacts,  so  as  to  prevent  their  making 
connection  when  the  finger  is  taken  off  the  key.  Some  keys  of 
this  kind  are  provided  with  a  catch  (Fig.  128),  which  keeps  the 
spring  down  when  it  is  depressed. 

The  advantage  of  th(»  short-circuit  key  over  the  short-circuit 
plug  may  not  seem  obvious,  but  actual  practice  will  soon  show 
its  value. 
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Bevebsing  Eets. 

324.  Besides  the  short-circuit  key,  a  Bevernng  Key  is  usually 
inserted  in  the  galvanometer  circuit,  so  that  the  deflections  of  the 
needle  may  always  be  obtained  on  the  same  side  of  the  scale.  A 
form  of  reversing  key  very  commonly  used  is  shown  in  elevation 
and  plan  by  Figs.  129  and  130,  and  in  general  view  by  Fig.  131. 


Fio.  129. 


Fig.  ISO. 


The  galvanometer  terminals  would  be  connected  to  the  two 
end  terminals  of  the  reversing  key,  or,  if  the  short-circuit  key 
is  inserted,  to  the  terminals  of  the  latter.  By  pressing  down  one 
or  other  of  the  springs,  the  current 
will  pass  through  the  galvanometer 
in  one  direction  or  the  other.  The 
two  handles  on  either  side  of  the 
two  springs  are  for  the  purpose  of 
clamping  either  of  the  latter  down 
when  required. 

Particular  care  should  be  taken, 
when  procuring  the  key,  to  see 
that  the  terminals,  &c.,  are  not 
fixed  on  the  top  of  the  ebonite 
pillars  by  means  of  bolts  running 

right  through  them,  as  in  such  a  case  the  advantage  oF  the  pillars 
is  entirely  lost,  and  the  terminals  might  just  as  well  be  screwed 
direct  into  the  base-board. 

Care  should  also  be  taken  that  the  contacts  of  the  keys  are 
clean,  as  when  there  are  several  contacts  considerable  resistance 
might  be  introduced  into  the  circuit  from  their  being  dirty. 

325.  It  is  sometimes  found  in  this  form  of  reversing  key  that 
the   springs  fail  to  make   the  necessf^ry  contact  when   clamped, 


Fio.  131. 
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owing  to  the  loosening  or  wear  of  the  cam  employed  to  hold  them 
down.  PeWs  Patent  Self -locking  Key,  which  is  shown  by  Fig.  132, 
and  which  was  designed  by  Mr.  B.  Pell,  of  the  firm  of  Messrs. 
Johnson  and  Phillips,  entirely  overcomes  this  difficulty  by  dis- 
pensing with  the  cam  altogether,  and  introducing  a  spring  latch 


Fig.  132. 

which,  when  the  key  is  depressed,  automatically  catches  and  holds 
it  with  certainty  in  position  until  it  is  released,  the  movement, 
either  in  depressing  the  key  or  in  releasing  it,  being  effected  with 
one  hand.  Each  latch  is  released  by  pressing  the  corresponding 
ebonite  knob  on  the  insulating  pillar,  as  shown  in  the  figure. 

The  other  advantages  of  this  key  over  the  old  form,  although 
not  of  so  much  importance,  will  be  appreciated  by  all  who  take  a 
pride  in  the  appearance  of  their  apparatus.  The  absence  of  the 
cams  and  their  supporting  pillars,  besides  improving  the  insula- 
tion, and  allowing  of  the  key  being  more  easily  cleaned,  makes  it 
look  neater,  and  prevents  the  lacquered  surface  of  the  brasswork 
being  disfigured,  as  is  invariably  and  unavoidably  the  case  when 
the  cam  is  used. 

A  Short-circuiting  Key  is  also  made  on  the  same  principle,  the 
spring  in  this  case  being  somewhat  stronger  to  prevent  uninten- 
tional locking  when  the  key  is  only  gently  tapped  by  the  finger. 

326.  The  foregoing  forms  of  keys,  although  in  very  general 
use,  are  not  in  all  respects  satisfactory,  for,  unless  the  contacts  are 
frequently  looked  to  and  kept  clean,  they  fail  to  make  proper  con- 
nection and  cause  considerable  trouble.  To  obviate  these  defects 
the  forms  of  keys  shown  by  Figs.  133  and  1 34  have  been  designed  ; 
the  former  by  Mr.  J.  Rymer  Jones,  and  the  latter  by  Dr.  Muirhcad. 
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The  great  advantage  of  these  keys  lies  in  the  fact  that  all  the  con- 
tacts are  made  by  rubbing,  thus  ensuring  great  certainty  of  action, 
a  point  of  very  great  importance  in  some  tests. 


Fio.  133. 


Fig.  134. 


Ebversing  Switches. 

327.  In  addition  to' the  reversing  key  for  the  galvanometer,  a 
Beversing  Swiich  for  the  testing  battery  is  very  useful :  it  need  not, 
however,  be  such  an  elaborate  one  as  that  used  for  the  galvano- 
meter. 

Figs.  135  and  136  represent  such  a  switch.  It  consists  of  four 
brass  segments  screwed  firmly  down  to  an  ebonite  base.  Each 
segment  is  provided  with  a  screw,  to  which  to  attach  the  testing 
wires. 


Fig.  135. 


ViG.  136. 


In  some  cases  each  segment  is  supported  on  an  ebonite  pillar, 
which  improves  its  insulation  very  much,  and,  indeed,  would  be 
absolutely  necessary  for  some  tests  which  will  be  described. 

The  poles  of  the  battery  would  be  attached  to  two  opposite 
terminal  screws,  say  A  and  A',  and  the  leading  wires  to  the  two 
other  screws,  B  and  W. 

X  2 
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To  make  the  current  flow  in  one  direction,  we  should  place  the 
plugs  between  the  segments  A  and  B,  and  A'  and  B',  and  to  make 
it  flow  in  the  other  direction,  between  the  segments  A  and  B'  and 
A'  and  B.  If  one  or  both  the  plugs  are  removed  the  battery 
current  will  be  cut  off  altogether.  It  is  always  best,  in  order  to 
do  this,  to  remove  both  the  plugs  in  preference  to  one  only,  for  if 
the  battery  is  not  well  insulated  a  portion  of  the  current  may  still 
be  able  to  flow  out  of  the  battery  and  disturb  the  accuracy  of  a 
test. 

Two  other  pieces  of  apparatus  are  necessary  to  form  a  very 
complete  set,  viz.  a  "  Condenser  "  and  a  "  Discharge  key.** 

Condensers. 

328.  A  Condenser  is  merely  a  Leyden  jar  exposing  a  large 
surface  within  a  small  space ;  those  constructed  of  a  standard  value 
for  testing  purposes  are  made  of  sheets  of  tin-foil  placed  in  layers 
between  thin  sheets  of  mica  coated  either  with  shellac  or  with 
shellac  and  paraffin  wax.  The  alternate  layers  of  tin-foil  are 
connected  together,  so  that  sets  are  formed  corresponding  to  the 
outside  and  inside  coatings  of  a  Leyden  jar. 

A  very  convenient  and  usual  form  of  standard  condenser  is 
shown  by  Fig.  137.      In  this  pattern  the  lajers  of  tin-foil  and 


Fig.  187. 

mica  are  placed  in  a  round  brass  box  with  an  ebonite  top,  on 
which  are  fixed  the  connecting  terminals.  These  terminals  are 
placed  on  brass  blocks,  the  ends  of  which  are  in  close  proximity  to 
one  another,  so  that  a  plug  can  be  inserted  between  them  for  the 
purpose  of  enabling  the  apparatus  to  be  short-circuited.  This 
should  always  be  done  when  the  condenser  is  not  in  use,  so  that 
any  residual  charge  which  may  remain  in  it  may  be  entirely 
dissipated. 
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Fig.  138  shows  an  improved  form  of  standard  condenser  as 
arranged  by  Dr.  Muirliead.  In  this  pattern  the  capacity  is  divided 
into  two  halves,  which  can  be  separated  by  withdrawing  the  plug 
at  B ;  each  half  can  then  be  tested  one  against  the  other,  and  if 


Fig.  138. 

the  relative  values  of  the  two  are  found  to  have  remained  unaltered, 
it  is  presumptive  evidence  that  the  total  of  the  whole  condenser 
has  not  changed. 

These  condensers  have  usually  a  fixed  "  electrostatic  capacity  " 
equal  to  ^  microfarad,  the  ''  farad  "  being  the  unit  of  electrostatic 


capacity.  They  are  also  made,  however,  so  that  several  capacities 
can  be  obtained,  by  inserting  plugs  in  different  holes.  Those 
having  five  difiFerent  capacities  (Fig.  139),  viz.  'OS,  -05,  '2,  -2,  and 
•5  microfarads,  enable  any  value  from  '05  to  1  to  be  obtained 
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by  inserting  one  or  more  plugs.  It  is  often  nsefnl  to  be  able  to 
vary  the  capacity,  so  that  it  is  better  to  have  the  last  form  rather 
than  that  shown  by  Fig.  137,  although  it  may  be  a  little  more 
expensive. 

Fig.  140  shows  another  form  of  a  divided  condenser  arranged 
in  a  brass  box. 


Fig.  140. 

329.  A  good  condenser  should  not  lose,  through  leakage,  more 
than  1  per  cent,  of  its  charge  in  one  minute. 

330.  Condensers,  like  batteries,  can  be  combined  in  <'  multiple 
arc"  or  in  '* series,"  ai^d  advantage  may  often  be  taken  of  this 
power  of  combination  to  obtain  a  large  number  of  capacities  from 
a  small  numbei'  of  condensers. 

When  condensers  are  connected  together  in  "multiple  arc"  the 
capacity  of  the  combination  will  be  equal  to  the  sum  of  the  re- 
spective capacities  of  the  several  condensers.  Thus,  if  we  call 
F^,  Fj,  F3,  &c.,  these  capacities,  then  the  capacity  of  the  combina- 
tion will  be 

Fi  4.  F,  4-  F3  +  .  .  .  . 

This  may  be  expressed  symbolically  thus : — 


When  the  combination  is  made  in  "  series "  (corresponding  to 
the  *'  cascade "  arrangement  of  Leyden  jars)  the  joint  capacity 
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of  the  series  follows  the  law  of  the  joint  resistance  of  parallel 
circuits,*  thus : — 

^ 

1,1,1 

F.  +  F^  +  Fa'^  •  •  • 

This  may  be  symbolically  expressed  thus : — 

■  Fj  —  Fj  —  F3 ....  — — 


By  following  out  these  laws,  if  we  had  two  condensers,  F^  and 
Fg,  we  could  obtain  four  different  capacities,  viz.  Fj,  F,,  Fj  +  Fj, 

and  JjJl  . 

With  three  condensers  we  conld  obtain  no  less  than  seventeen 
different  capacities,  viz.  Fj,  Fa,  F3,  Fj  +  F,,  Fj  +  F3,  F,  +  F3, 

'i  +  '.-h'a.    pr-^TF-'     17+17    FTTP,'    *^  +  PrrF,' 

P,  +    ?!ll3     p     ■   J\F,_   (Ft  +  F,>  X  F,  (F,  +  F,)  X  F, 

»  ^  P,  +  F;*     »  ^  F,  +  P,'    Fi  +  F,  +  F,  •  "Fj  +  Fj  +  F,  • 

(F,  +  F3)xFt    ^^ 


Fi  +  F3  +  F3  '  i.  ,  i  1  JL 

Fi  ■*■  Fa  "*■  Fa 

Any  of  these  combinations  may  be  expressed  symbolically 
in  the  manner  before  shown,    thus,  for  example,  to  take  the 

F  F 

Fi  +  -— -i_3_  combination,  this  would  be  shown  thus : — 
^2  +  -"^3 


Fj 


Discharge  Eets. 

331.  To  enable  the  discharge  &om  the  condenser  to  be  read  on 
a  galvanometer  a  discharge  key  is  necessary,  This,  like  the  other 
pieces  of  apparatus,  is  made  in  a  variety  of  forms. 

*  See  Chapter  XXYIL 
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Webb's  Discharge  Key. 

332.  Fig.  141  shows  a  pattern  (designed  by  the  late  Mr.  F.  G. 
Webb)  which  is  in  very  general  nse. 

It  consists,  primarily,  of  a  hinged  lever  of  solid  make,  pressed 
upwards  by  a  spring  and  playing  between  two  contacts.  A  vertical 
ebonite  lever,  hinged  at  its  lower  end,  is  fixed  to  the  base  of  the 
instrument  in  the  position  shown.  This  lever  has  near  its  upper 
end  a  projecting  brass  tongue,  which,  when  the  lever  is  pressed 
forward  (by  means  of  a  spring),  hitches  over  the  extremity  of  the 
brass  lever.  The  end  of  the  latter  is  out  away  so  as  to  form  two 
steps;  when  the  brass  tongue  on  the  vertical  ebonite  lever  is 
hitched  over  the  lower  step  then  the  brass  lever  stands  inter- 
mediate between  the  top  and 
bottom  contacts,  and  is  insu- 
lated from  both  of  them,  but 
when  the  tongue  is  hitched 
over  the  top  step  then  the  brass 
lever  is  in  connection  with  the 
lower  contact.  Again,  when  the 
ebonite  lever  is  drawn  back  the 
brass  lever  is  freed  and  springs 
up  against  the  top  contact  step. 
If  we  suppose  the  brass  lever  to 
be  hitched  down  on  the  lower 
contact  step,  then  by  pulling 
back  the  ebonite  lever  a  little  the  brass  tongue  unhitches  from 
the  top  step  and  hitches  on  the  lower  one,  thus  allowing  the  brass 
lever  to  spring  up  from  the  bottom  contact,  but  not  to  come  in 
connection  with  the  upper  one ;  if,  however  (as  before  explained), 
the  ebonite  lever  be  pulled  completely  back,  then  the  brass  lever 
rises  in  connection  with  the  top  contact. 

333.  When  using  this  discharge  key  for  the  purpose  of  measur- 
ing the  charge  in  a  condenser,  the  connections  to  the  galvano- 
meter, &c.,  would  be  made  as  shown  by  Fig.  142  (page  313).  On 
pressing  down  the  key  Kj  the  two  poles  of  the  battery  are  put  in 
connection  with  the  two  terminals  A  and  B  of  the  condenser  G, 
and  on  releasing  the  key  so  that  it  comes  in  contact  with  the  top 
contact,  the  two  terminals  of  the  condenser  are  put  in  connection 
with  the  two  terminals  of  the  galvanometer,  which  thus  receives 
the  discharge  current  through  it. 

If  we  so  arranged  the  connections  that  the  top  contact  of  the 
key,  instead  of  being  joined  to  the  condenser  through  the  galvano- 
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meter,  is  connected  directly  to  it,  and  the  galvanometer  is  plac  ed 
between  the  back  terminal  of  the  key  and  the  second  terminal  of 
the  condenser,  then  on  pressing  down  the  discharge  key  we  get 
the  current  charging  the  condenser  through  the  galvanometer, 
whose  needle  will  be  deflected  to  one  side  of  the  zero  point ;  an  d 
then,  on  releasing  the  key,  we  get  the  discharge  deflection,  w  hich 


Fig.  142. 


will  be  of  the  same  strength  as  the  charge  deflection,  but  in  the 
opposite  direction  to  it.  The  first  arrangement,  given  by  the 
figure,  is,  however,  the  one  generally  employed. 

The  discharge  deflection  on  the  galvanometer  is  only  momen- 
tary, the  needle  or  spot  of  light  immediately  returning  towards 
zero. 

334.  In  using. the  Thomson  galvanometer  (which  is  practically 
the  only  instrument  of  any  use  for  the  purpose)  for  measuring  the 
discharge,  the  adjusting  magnet  must  be  put  high  up  if  it  is  placed 
with  its  poles  assisting  the  earth's  magnetism,  or  low  down  if  it 
opposes  it,  so  as  to  make  the  needle  swing  slowly  enough  to  enable 
the  deflection  to  be  read  on  the  scale.  It  is  best  to  avoid  making 
the  needle  swing  very  slowly,  for  then  the  spot  of  light  will  pr<> 
bably  not  return  accurately  to  zero,  but  may  be  three  or  four 
divisions  out.  A  little  practice  will  enable  a  comparatively  quick 
awing  to  be  read  to  half  a  division,  or  even  less.    • 

335.  If  a  resistance  of  250,000  ohms  (more  or  less,  according 
to  circumstances)  be  introduced  into  the  galvanometer  circuit,  the 
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disoharge  from  the  condenser  becomes  so  slowed  that  the  swing  of 
the  galTanometer  needle,  instead  of  being  due  to  a  sadden  impulse, 
is  caused  by  a  continued  but  rapidly  decreasing  current;  this 
causes  the  needle  to  swing  with  a  slow  movement,  although  the 
instrument  is  adjusted,  as  regards  the  controlling  magnet,  to  nor- 
mally swing  with  a  comparatively  rapid  rate  of  vibration.  By 
this  device,  therefore,  a  slow  swing,  which  greatly  facilitates  ease 
of  observation,  may  often  be  able  to  be  obtained :  unless,  however, 
the  insulation  of  the  condenser  or  cable  being  measured  is  very 
high,  the  arrangement  does  not  give  satisfactory  or  reliable 
results,  since  the  discharge,  inste€td  of  wholly  going  through  the 
galvanometer,  is  partly  lost  by  leakage  through  the  low  insulation 
resistance. 

Kempe^s  Discharge  Key. 

336.  A  form  of  discharge  key  designed  by  the  author  is  shown 
in  plan  and  elevation  by  Figs.  143  and  144,  and  in  general  view  by 


^reoL  suce 
Fig.  H3. 


Fig.  144. 


Fig.  145.  It  consists,  like  Fig.  141,  of  a  solid  lever,  hinged  at  one 
end,  and  playing  between  two  contacts  attached  to  two  terminals. 
Two  finger  triggers,  near  the  other  end  of  the  lever,  marked 
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** Discliarge"  and  "Insulate,"  are  connected  to  two  ebonite  hooks. 
The  height  of  the  hook  attached  to  the  finger  trigger  marked 
"  Discharge  "  is  a  little  greater  than  that  of  the  other  hook,  so  that 
the  lever  stands  intermediate  between  the  two  contacts  when  it  is 
hitched  against  it.  When  the  lever  is  pressed  down  against  the 
bottom  contact,  the  shorter  of  the  hooks  hitches  it  down.  If  in 
this  position  we  depress  the  "  Insulate  "  trigger,  the  lever  is  freed 
from  its  hook,  and  springs  up  against  the  second  hook,  thus  insu- 
lating the  lever  from  either  of  the  contacts.  The  "Discharge" 
trigger  now  being  pressed  down,  the  lever  springs  up  against  the 
top  contact. 

To  the  hook  of  the  ''  Discharge  "  trigger  there  is  a  small  piece 
of  met€J  fixed  which  is  broad  enough  to  come  in  front  of  the  second 
hook,  so  that  if  the  "  Discharge  "  trigger  is  depressed  first  it  draws 
back  both  the  hooks,  and  thereby,  if  the  lever  at  starting  be 
hitched  to  the  bottom  contact,  allows  the  lever  at  once  to  spring 
up  to  the  top  contact.  If,  however,  the  "Insulate"  trigger  be 
depressed,  only  the  hook  attached  to  that  trigger  is  drawn  back, 
allowing  the  lever  to  spring  up  against  the  second  hook  and  be 
thereby  insulated,  as  at  first  explained. 

Lamherfa  Discharge  Key, 

337.  The  arrangement  of  discharge  key  designed  by  Mr.  Lam- 
bert and  shown  by  Fig.  146,  is  a  very  good  one,  and  possesses  the 
advantage  that  the  principal  terminal  is  highly  insulated  when 
the  key  is  in  its  normal  condition,  a  point  of  importance  in  some 
tests.    The  two  terminals  seen  at  the  front  part  of  the  key  cor- 


respond to  the  top  and  bottom  contacts  of  the  keys  previously 
described.  The  ends  of  two  spring  levers,  provided  with  ebonite 
finger-knobs,  are  set  over  these  contacts;  the  other  ends  of  the 
springs  are  fixed  to  a  brass  cross-piece  provided  with  a  terminal, 
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the  oross-pieoe  being  seonred  to  an  ebonite  bracket  fixed  at  tiie 
end  of  a  stout  ebonite  rod.  By  this  arrangement  the  terminal 
connected  to  the  spring  levers  is  insulated  by  the  long  ebonite  rod 
as  well  as  by  the  ebonite  bracket  by  which  the  rod  is  supported 
on  the  stand.  In  manipulating  the  key,  the  left-hand  lever,  say, 
is  first  depressed,  thus  putting  the  back  terminal  in  connection 
with  the  contact  (corresponding  to  the  bottom  contact  of  the  other 
forms  of  keys)  beneath  it.  The  lever  is  then  released,  and  the 
right-hand  lever  depressed,  thus  putting  the  back  terminal  in  con- 
nection with  the  contact  (corresponding  to  the  top  contact  of  the 
other  keys)  beneath  it.  The  only  objection  to  this  form  of  key  is 
the  fact  that  it  is  possible  to  press  both  levers  down  at  once,  thus 
connecting  together  the  back  and  the  two  front  terminals ;  if  this 
is  done  accidentally,  then,  as  will  be  seen  by  reference  to  Fig.  142 
(page  313),  a  direct  circuit  is  formed  by  the  battery  through  the 
galvanometer,  which  may  result  in  the  sensibility  of  the  latter 
being  altered  through  the  violence  of  the  deflection.  Such  an 
accident  obviously  cannot  possibly  occur  in  the  other  forms  of 
keys. 


Fig.  147. 

The  Lambert  key  is  often  provided  with  cams  similar  to  those 
shown  in  Figs.  129,  130,  and  131  (page  305),  so  that  the  spring 
levers  can  be  clamped  down  if  desired.  This  latter  pattern  is 
shown  by  Fig.  147. 

Bymer  Jones's  Discharge  Key. 

338.  An  excellent  form  of  discharge  key  has  been  devised  by 
Mr.  J.  Rymer  Jones,  and  is  manufactured  by  the  India  Rubber, 
Gutta  Percha,  and  Telegraph  Works  Company  of  Silvertown. 
The  key  is  so  constructed  that  (like  Lambert's  key)  the  principal 
terminal  is  left  perfectly  free  during  the  period  of  "  insulation," 
as  shown  in  Fig.  148 ;  the  leakage  from  this  terminal  is  therefore 
confined  to  the  ebonite  support  A  B.     The  form  of  this  support. 
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a  vertical  section  of  which  is  shown  by  Fig.  149  (page  318), 
gives  a  very  considerable  length  of  surface  over  which  any  leakage 
must  pass,  it  being  in  the  present  case  6|  inches  in  a  height  of 
only  2^  inches ;  while,  since  the  portion  A  screws  into  the  outer 
cap  B,  the  former  may  be  removed,  when  important  tests  are 
about  to  be  made,  and  scoured  with  glass-paper,  so  as  to  secure 
the  advantage  of  a  fresh  surface  without  disfiguring  the  outer 
polished  surface. 


Fig.  148. 


The  movements  for  "Charge,"  "Insulate,"  and  "Discharge," 
will  be  readily  understood  from  Fig.  148.  I  V  are  ebonite  rods ; 
their  brass  prolongations  c  (/,  which  move  with  them  as  one  piece, 
have  the  under  surfaces,  where  they  rub  against  the  platinum 
contacts  b  and  ^,  tipped  with  platinum. 

When  I  is  deflected  to  the  left,  the  end  of  the  rod  r,  attached 
to  it,  presses  against  I' — should  the  latter  happen  to  be  turned  to 
that  side — and  carries  it  over  in  the  same  direction,  first  breaking 
contact  at  c'  g,  if  previously  made,  and  afterwards  making  contact 
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at  h  c.  Thus  the  *'  Battery  "  and  '*  Cable  "  terminals  are  connected 
together,  To  "  Insulate  "  the  *•  Cable  "  terminal  it  is  only  neces- 
sary to  move  I  back  again  towards  the  right,  as  in  Fig.  148.  To 
'*  Discharge,"  press  I'  towards  the  right.  Should  I  not  already  be 
over  to  the  right  (as  in  the  last  position  for  '*  Insulate  ")  it  will  be 

carried  over  with  V  and  the  contact 
at  6  c  broken  before  ef  and  g  come  to- 
gether. The  rod  r  in  fact  prevents 
the  galvanometer  and  battery  terminals 
from  both  being  put  to  the  cable  ter- 
minal at  the  same  time. 

339.  Although  not  perhaps  abso- 
lutely necessary,  it  is  advisable  to  have 
a  second  set  of  resistance  coils  (which 
need  not,  however,  be  of  the  bridge 
form)  to  act  as  an  adjustable  shunt 
for  the  galvanometer. 

340.  A  simple  form  of  galvanometer 
to  enable  the  resistance  of  the  Thom- 
son to  be  quickly  taken,  is  also  useful. 
This,  however,  can  be  dispensed  with, 
as  the  late  Mr.  S.  E.  Phillips  pointed  out 
that  the  resistance  of  the  galvanometer 
can  be  determined  by  the  very  simple 
device  of  measuring  the  resistance  of 
one  of  the  shunts  (the  ^th  preferably). 
To  do  this,  the  shunts  will  have  to  be 
removed  from  the  galvanometer  and 
connected  up  to  the  bridge  as  an  ordi- 
nary resistance,  the  galvanometer  itself  being  used  in  the  usual 
manner. 

Mr.  Phillips  suggested  that  the  shunts  should  be  enclosed 
under  the  glass  shade,  so  as  to  ensure  that  they  may  have  the 
same  temperature  as  the  galvanometer  coils. 

As  it  is  preferable  to  use  a  set  of  resistance  coils  as  a  shunt,  a 
single  resistance  coil  of  the  same  wire  and  resistance  as  the  gal- 
Tanometer  coils  might  be  permanently  fixed  to  the  galvanometer 
stand  under  the  glass  shade :  the  resistance  of  this,  measured  by 
the  help  of  the  galvanometer,  would  at  once  give  the  resistance  of 
the  latter.  If  such  a  device  were  adopted,  care  would  have  to 
be  taken  that  the  coil  is  wound  double  on  its  bobbin,  for  otherwise 
it  would  affect  the  galvanometer  needle  when  traversed  by  a 
current. 


Length  of  innUating  mrfciee^ 
6f  inehet. 

Fig.  149. 
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341.  The  form  of  bridge  coil  most  generally  employed  with  the 
Thomson  galvanometer  is  that  shown  by  Figs.  4  and  5  (page  13), 
the  keys  attached  to  the  other  form  not  being  used. 

Batteries. 

342.  Besides  the  foregoing  instruments,  a  battery  haying  an 
electromotive  force  of  at  least  250  volts  is  necessary.  The  form 
knofim  as  the  Minotto  has  been  much  used  for  testing.  It  con- 
sists of  an  earthenware  (or  more  frequently  of  a  gutt€i-percha) 
jar,  about  8  inches  high,  at  the  bottom  of  which  is  placed  a  round 
plate  of  copper,  resting  flat.  A  strip  of  copper  about  three-quarters 
of  an  inch  wide,  coated  with  gutta-percha,  is  fixed  to  this  plate, 
and  brought  up  the  side  of  the  jar.  Over  this  plate  a  layer  of 
coarsely  powdered  sulphate  of  copper  is  placed;  the  jar  is  then 
filled  nearly  to  the  top  with  damp  sawdust,  and  resting  on  this 
is  placed  a  thick  disc  of  zinc,  provided  with  a  terminal  at  the  top. 
A  series  of  these  cells  is  coupled  up  in  the  ordinary  manner. 

The  Leclanch^  battery  is  now  generally  used  at  cable  factories ; 
it  has  the  advantage  of  high  electromotive  force,  and  if  care  is 
taken  that  it  does  not  become  accidentally  short-circuited  through 
a  low  resistance  it  answers  very  satisfactorily,  and  requires  but 
little  attention.  The  Chloride  of  silver  battery  of  Mr.  Warren  de 
la  Bu6  has  also  been  used  to  some  extent  for  testing,  especially 
on  board  ship,  as  it  has  the  advantage  of  great  compactness  and 
portability. 

'*  Dry  "  cells  are  now  largely  used  for  testing  purposes  :  it  is  a 
mistake  to  have  them  of  a  very  small  size. 

The  batteries  should  be  placed  on  well-insulated  supports,  in 
a  dry  situation,  so  as  to  avoid  leakage,  which  interferes  with  their 
constancy  and  causes  great  trouble  when  an  insulation  test  is 
being  made. 

A  high  resistance  (of  known  value)  may  with  advantage  be 
permanently  placed  in  circuit  with  the  battery  so  as  to  prevent 
accidental  short-circuiting  which,  if  it  takes  place,  renders  the 
battery  unsteady  for  a  time. 

343.  Besides  the  large  battery,  a  single  cell  placed  in  a  small 
box,  with  appropriate  terminals  outside,  may  be  required,  whose 
use  will  be  explained. 
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CHAPTEB  XI. 
MEASUBBMENT  OF  POTENTIALS. 


344.  Let  E  (Fig.  150)  be  a  Uttery  of  which  A  and  B  are  the 
free  poles ;  then  the  free  eleotricities  at  those  poles  will  have  equal 
but  opposite  potentials,  and  the  difference  of  these  potentials  is 
the  electromotive  force  of  the  battery. 
Thus,  if  V  (that  is  the  line  P  A)  is  the 
potential  at  A,  then  —  Y  (tbat  is  the 
line  B  Q)  will  be  the  potential  at  B,  and, 
the  electromotiye  force  £  of  the  battery 
will  be 

B  =  V-(- V)  =  2V. 


Fio.  150. 


Although  the  expression  **  potentials 
of  the  free  electricities  "  is,  strictly  speak- 
ing, more  correct  than  *' potentials  *' 
simply,  yet  the  latter  is  generally  used 
as  an  abbreviation  of  the  former,  and 
we  shall  so  use  it  unless  the  contrary  is 
indicated. 
The  potentials  diminish  regularly  from  one  pole  of  the  battery 
to  the  other,  the  potential  at  the  middle  of  the  battery  being  zero. 

345.  If  the  two  poles  are  connected  by  a  resistance  A  G  B,  as 
in  Fig.  151  (page  321),  then  the  potentials  will  diminish  regularly 
along  A  C  B  also,  as  shown  in  the  figure,  the  potential  at  the  middle 
(F)  being  zero  as  in  the  case  of  the  battery.  But  the  potentials  at 
A  and  B  will  be  less  than  they  were  previous  to  the  joining  of  the 
poles  by  A  C  B,  the  amount  of  the  diminution  being  dependent 
upon  the  value  of  the  rei>iBtance  A  C  B,  and  also  upon  the  value  of 
the  resistance  of  the  battery.  These  diminished  potentials  may 
be  represented  by,  say,  the  lines  p  A  (+  v)  and  B  q  (—  v), 
respectively. 

346.  If  the  two  terminals  of  a  condenser  are  connected  to  any 
two  points  in  the  resistance,  the  electromotive  force  of  the  charge 
which  the  condenser  will  take  will  be  directly  proportional  to  the 


Digitized  by 


Google 


MEASUBEMENT  OF  POTENTIALS. 


321 


difference  of  the  potentials,  that  is  to  the  electromotiye  foroe,  at 
those  two  points.  Thus  if  the  condenser  were  connected  to  A  and 
6  the  charge  it  would  take  would  have  an  electromotive  force, 
El,  of 

El  =  V-  (- v)  =  2v. 


'  V 


Fio.  151. 

If  the  points  to  which  the  condenser  is  connected  were  A  and 
C,  the  electromotiye  force,  Ej,  of  the  charge  would  be 

Ej  =  V  -  ». 

Again,  if  the  condenser  were  connected  to  C  and  B,  the 
electromotive  force,  E3,  of  the  charge  would  be 

E3  =  »  -  (-  v)  =  »  +  V. 

It  is  easy  to  see  that 

V— f7:v  +  t7::a:6. 

If,  therefore,  we  connect  two  condensers  between  the  points  A 
and  G  and  the  points  B  and  C  respectively,  and  adjust  the  resist- 
ances a  and  6,  we  could  charge  the  condensers  to  anj*relative 
electromotive  forces  we  please. 

347.  Although,  strictly  speaking,  the  diminution  or  fall  of 
potential  along  the  resistance  A  C  B  is  represented  by  the  line  p  F 
q  (see  small  figure),  the  zero  point  being  at  F,  yet  we  may 
generally  with  perfect  correctness  assume  the  zero  to  be  at  B  and 
the  fall  of  potential  to  be  represented  by  the  line  p*  B,  and 

Y 
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similarly  with  the  fall  from  one  pole  of  the  battery  to  the  other. 
In  most  cases  it  is  convenient  to  consider  the  fall  as  taking  place 
in  this  way,  as  we  avoid  having  to  consider  the  potentials  as 
being  partly  +  and  partly  —  quantities,  which  is  liable  to  caose 
confasion  in  making  calculations. 

348.  We  stated  that  if  the  poles  of  the  battery  are  joined  by  a 
resistance,  the  potentials  at  those  poles  will  be  altered  in  valne ; 
they  will,  in  fact,  be  reduced  in  proportion  as  the  resistance  is 
small  or  large.  Now,  when  a  current  flows  through  a  galvano- 
meter, it  does  so  in  virtue  of  a  difference  of  potential  at  its  two 
terminals,  and  the  strength  of  this  current  is  directly  proportional 
to  the  value  of  this  difference ;  and  conversely,  if  we  note  the  dif- 
ference in  the  strengths  of  currents  passing  through  a  galvano- 
meter we  shall  know  the  relative  values  of  the  differences  of 
potential  at  its  terminals.  It  may  at  first  sight,  therefore,  appear 
sufiBcient,  in  order  to  measure  the  relative  values  of  the  differences, 
simply  to  connect  the  terminals  of  a  galvanometer  to  the  points  at 
which  the  differences  are  to  be  noted,  and  then  to  observe  the 
deflections  obtained.  But  by  connecting  up  a  galvanometer  in 
this  way  we  should  reduce  the  resistance  of  the  portion  of  the 
circuit  between  those  points,  and  the  potentials  at  the  poles  of  the 
battery  would  consequently  decrease,  therefore  the  potentials  at 
the  points  where  the  galvanometer  is  connected  would  decrease 
also ;  the  current  then  which  would  produce  a  deflection  of  the 
galvanometer  needle,  would  be  that  due  to  the  diminished  poten- 
tials. If,  however,  the  resistance  of  the  galvanometer  is  very 
high  compared  with  the  resistances  with  which  it  is  connected, 
then  its  introduction  will  produce  no  diminution  in  the  potentials, 
and  consequently  its  deflection,  that  is  to  say,  the  current  passing 
through  it,  will  be  a  true  index  of  the  value  of  the  difference.  If, 
therefore,  we  wish  to  theoretically  consider  what  are  the  relative 
differences  of  potentials  at  any  points  in  any  particular  arrange- 
ments of  batteries  and  resistances,  we  have  simply  to  suppose 
these  points  to  be  connected  by  a  galvanometer  whose  resistance  is 
infinite  compared  with  the  other  resistances,  and  then  to  determine 
the  relative  values  of  the  currents  which  will  flow  through  it  in 
the  several  cases. 

349.  From  what  has  been  said  we  can  see  that,  practically,  if 
we  connect  a  galvanometer  to  any  two  points  at  which  a  difference 
of  potential  exists,  then  the  deflection  obtained  will  accurately 
represent  that  difference  of  potential,  provided  the  galvanometer 
has  a  total  resistance  in  its  circuit  very  much  greater  than  the 
resistance  between  the  two  points  in  question. 
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Measueement  of  Electromotive  Force  by  Law's  Method. 

850.  The  quantity  of  electricity  in  a  condenser  depends  directly 
upon  the  electromotive  force  of  the  charge,  and  the  deflection  ob- 
tained upon  a  galvanometer  depends  directly  upon  the  quantity 
discharged  through  it;  the  discharge  deflection  obtained  from  a 
condenser,  therefore  (§  333,  page  313),  other  things  being  constant, 
will  represent  the  electromotive  force  of  the  charge  in  it;  by 
successively  charging  a  condenser,  therefore,  from  two  or  more 
batteries,  and  noting  the  discharges  on  a  galvanometer,  we  can 
very  simply  and  quickly  determine  their  comparative  electro- 
motive forces. 

351.  Discharge  deflections  on  a  galvanometer  whose  deflections 
are  truly  proportional  to  canatafU  currents,  unless  they  are  nearly 
equal,  are  not  always  proportional  to  the  currents  which  produce 
them.  It  is  therefore  very  desirable,  in  measurements  such  as 
these,  in  order  to  ensure  accuracy,  to  adopt  the  method  we  men- 
tioned on  page  99  (§  89),  viz.  to  obtain  a  uniform  deflection  by 
means  of  a  variable  shunt  to  the>  galvanometer.  Thus,  if  we 
obtain  two  similar  discharge  deflections  with  two  electromotive 
forces  Ej  and  E,,  using  shunts  of  the  respective  resistances  S^ 
and  82 ;  then,  since  the  deflections  are  thb  same,  the  electromotive 
forces  are  in  the  proportion 

G  +  Si  .  G  +  S, 

or  as  the  multiplying  power  of  the  shunts,  G  being  the  resistance 
of  the  galvanometer ;  for  if  we  multiplied  the  deflections  we  ob- 
tained, by  these  quantities,  we  should  get  the  theoretical  deflections 
we  should  have  had  if  no  shunts  had  been  used. 

For  example. 

With  an  electromotive  force  E^  we  obtained  a  discharge  de- 
flection of  300  divisions  on  a  galvanometer  whose  resistance  G 
was  5000  ohms,  using  a  shunt  S^,  of  1000  ohms,  and  with  a  second 
electromotive  force,  Ej,  also  a  deflection  of  300  divisions,  using  a 
shunt,  S2,  of  2500  ohms ;  then 

5000  +  1000    5000  +  2500 
^i''^2'''         IQOO         '         2500        • 

that  is, 

El  :  Ej  :  :  2  :  1. 

It  is  not  absolutely  necessary  that  the  same  deflection  be  repro- 
duced exactly,  although  calculation  is  saved  by  so  doing :  as  long 
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as  the  deflections  are  nearly  equal  they  approximately  represent 
the  discharges.    It  is  necessary,  of  coarse,  that  these  deflections 

/Tig 

be  multiplied  by  — ^^ —  to  obtain  the  relative  strengths  of  the 
currents. 

Far  example. 

With  an  electromotive  force  E^  we  obtained  a  discharge  deflec- 
tion of  300  divisions  on  a  galvanometer  whose  resistance  G  was 
5000  ohms,  using  a  shunt  S^,  of  1000  ohms,  and  with  a  second 
electromotive  force  E,  a  deflection  of  292  divisions,  using  a  shunt 
Sa,  of  2400  ohms;  then 


that  is, 
or  as 


,  .  5000  +  1000              .  5000  +  2400  , 

^''^^  " 1000 ^  ^^^  • 2400 ^  ^^^' 


El  lEjirlSOO:  900-33, 

2:1,  very  nearly. 


This  method  is  very  often  the  best  one  to  employ,  not  only  for 
discharge,  but  also  for  constant  deflections,  as  it  is  sometimes  in- 
convenient to  have  to  continually  adjust  until  the  same  deflection 
exactly  is  reproduced.  In  certain  cases,  indeed,  it  would  be 
impossible  to  do  so,  as  will  be  seen  hereafter. 

352.  It  may  be  here  mentioned  that,  in  the  case  of  discharge 
deflections,  the  fact  that  the  resistance  between  the  terminals  of 
the  galvanometer  is  varied  by  the  introduction  of  shunts  of 
different  values,  does  not  require  to  be  taken  into  consideration. 

OoRBECnON   FOB  DISCHARGE  DEFLKCmONS. 

353.  The  late  Mr.  Latimer  Clark,  in  a  communication  addressed 
to  the  Society  of  Telegraph-Engineers,*  pointed  out  an  error 
caused  by  the  use  of  shunts  in  measuring  discharge  deflections. 

It  was  found  that  if  a  certain  discharge  deflection  were 
obtained  with  a  shunt,  then  on  removing  the  latter  the  discharge 
deflection  obtained  was  larger  than  that  given  by  multiplying  the 

original  deflection  by  — ^ —  • 

o 

After  considerable  research,  the  cause  of  the  error  was  traced 
to  the  inductive  action  of  the  galvanometer  needle  on  its  coils. 
The  movement  of  this  needle  set  up  a  slight  current,  which 

*  *  Journal  of  the  Society  of  Telegraph-EDgineers,'  vol.  ii.  p.  16. 
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opposed  the  diacliarge  CTurent,  and  conBequently  reduced  its  effect. 
This  effect  being  more  marked  when  the  shunt  was  used,  made 
the  discharge  deflection  without  the  shunt  to  appear  larger  than 
it  should. 

The  formula  for  finding  what  would  be  the  discharge  de- 
flection obtained  on  the  removal  of  the  shunt,  the  discharge 
deflection  without  the  shunt  being  given,  may  be  thus  arrived 
at:— 

First  suppose  the  shunt  to  be  inserted. 

Now  in  all  problems  in  which  a  current  from  a  condenser  has 
to  be  considered,  we  may  suppose  the  condenser  to  be  a  battery 
with  a  resistance  infinitely  great  compared  with  the  resistances 
external  to  it. 

Let  E  be  the  force  of  the  charge,  R  the  resistance  of  the  con- 
denser circuit,  G  the  resistance  of  the  galvanometer,  S  the  resist- 
ance of  the  shunt. 

Let  the  movement  of  the  needle  generate  an  opposing  force  e ; 
then  calling  C,  a,  and  p  the  respective  dif«charge  strengths  in  the 
galvanometer,  condenser,  and  shunt  circuits,  we  get  (by  applying 
Kirchoff'fl  laws,  page  178)  the  following  equations: — 

a-C-)3  =  0,  or,  /3  =  a-C 
aR  +  CG - E  +  e  =  0 
aR+^S-E  =  0; 


therefore 
therefore 
then  by  division 


aR+CG-E+c=0 
aR  +  (a -CXS-E  =  0; 

oR  =  E-  CG-e 
a(R  +  S)  =  E  +  CS; 

R  E-CG-e 


E+S"      E+CS     ' 

by  multiplication  and  changing  the  signs  we  get 

(R  +  S)(CG+e)-RE-SE=  -RE-CRS; 

therefore 

(R  +  S)  (0  G  +  6)  -  S  (E  -  C  R)  =  0. 

Next  suppose  the  shunt  to  be  removed,  and  let  the  strength  of  the 
discharge  be  C^,  and  the  new  force  generated  by  the  movement  of 
the  needle  be  e^y  then 


C 1  =  |-^ ;  therefore  E  =  C^  (R  +  G)  +  e^ ; 
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substituting  this  value  of  E  ia  the  last  equation,  we  get 

(R  +  S)(OG  +  e)  -  S(Ci(R  +  G)  +  ci  -  C  R)  =  0. 

Now  e  and  e^  will  be  proportional  to  the  deflections  of  the  needle, 
that  is  to  say,  to  the  strengths  of  discharge  producing  those  de- 
flections.   They  will  also  be  proportional  to  the  strength  of  the 
magnetism  of  the  needle,  which  strength  we  will  represent  by  k. 
Then 

6  =  K  C,  tfj  =  ic  Ci ; 

substituting  these  values  we  get 

(R  +  S)C  (G  +  k)  -  S(Ci(R  +  G  +  k)  -  CR)  =  0, 

(l  +  |)c(G  +  .)-s(c,(l+^")-c)  =  0. 

Now,  R  is  to  be  inflnite  as  compared  with  S  and  G ;  therefore 
by  putting  R  =  oo,  we  find  that 

C(G  +  'c)-S(a-C)  =  0, 
therefore 


«'  =  <— s— )• 


To  make  this  formula  useful,  we  must  determine  the  value  of  k. 
This  can  be  done  thus : — 

Provide  two  condensers,  one  having  exactly  twice  the  capacity 
of  the  other.  Charge  the  larger  one  with  a  sufficient  battery 
power  to  obtain  a  discharge  deflection  (a^)  of,  say,  200  divisions 
on  the  scale,  with  a  shunt  inserted  equal  in  resistance  to  the 
galvanom      • 

Now  remove  the  shunt,  and  having  charged  the  other  condenser 
from  the  same  battery,  note  the  discharge  deflection  (a^)  5  1®*  i*  ^ 
204  divisions. 

It  will  be  seen  that  the  deflection  we  should  have  obtained 
with  the  larger  condenser  and  no  shunt  would  have  been  2  a,,  and 
this  is  the  theoretical  deflection  we  should  obtain  when  a^  is 
multiplied  by  the  multiplying  power  of  the  shunt  corrected  by 
the  constant  k  ;  that  is  to  say, 

/G  +  K  +  G\ 
therefore 

Digitized  by  VjOOQ  IC 


MEASUREMENT  OF  POTENTIALS.  327 

To  continue    the    example  we   have  given,  let  us  suppose 
6  =  5000  ohms ;  then 


K  =  2x5000(|J-l)  =  20O. 


For  the  particular  galvanometer,  then,  we  have  been  con- 
sidering, we  say  that  when  measuring  discharges  the  multiplying 
power  of  any  shunt  (S)  which  may  be  used  is 

G  4,  200  +  S 
S 

Suppose  we  have  given  the  observed  deflection  without  the 
shunt  and  also  the  observed  deflection  with  the  shunt,  and  we 
require  to  know  what  this  latter  ought  to  be  in  order  to  give  us 
the  true  deflection  compared  with  the  first.  Let  the  true  deflection 
be  A ;  then  by  the  ordinary  formula 

but  when  the  error  exists, 
from  these  two  equations  we  get 

or  in  words : 

True  deflection  =  observed  deflection  (l  +  nTXc ) ' 

It  should  be  clearly  understood  that  this  formula  is  to  be 
applied  to  the  correction  of  the  deflection  obtained  unth  the  shunt, 
the  deflection  mthofU  the  shunt  being  considered  as  the  index  of 
the  current  from  the  condenser. 

We  may  remark  that  this  latter  formula  corresponds  with  that 
obtained  by  the  late  Mr.  Charles  Hockin,  and  given  by  Mr.  Latimer 
Clark  in  the  paper  referred  to. 

For  practical  use  the  formula 


therefore 
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is  the  only  one  we  should  require,  as  by  it  we  can  at  once  deter- 
mine from  the  deflection  obtained  withoui  the  shunt  what  the 
deflection  with  the  shunt  would  be,  or  vice  versa. 


Selation  between  the  Current,  the  Hesistancb,  and  the 
Electromotive  Force,  bbtween  two  Points  in  a  Gircuit. 

854.  In  Fig.  152  let  E  be  a  battery  of  electromotive  force,  E, 
and  resistance,  0,  joined  up  in  a  circuit  with  a  resistance  r,  and  let 
6  be  a  galvanometer  having  a  resistance  very  much  greater  than 


'i^'h 


-rrrfirrr- 


FiQ.  152.  Fig.  158. 

the  other  resistances,  so  that  it  does  not  affect  the  flow  of  the 
current  in  the  circuit,  «  +  r.  Now,  the  current,  C^,  flowing 
through  the  galvanometer  will  be 

^  E  r  Er 


,     rQ     "^r  +  G      xr  +  xO  +  rG 

It  is  evident  that  this  current  must  be  due  to  the  existence  of 
an  electromotive  force,  or  a  difference  of  potential,  in  some  portion 
of  the  circuit  in  which  the  galvanometer  is  placed;  and  it  is, 
moreover,  evident  that  this  electromotive  force,  or  difference  of 
potential,  must  exist  between  the  points  A  and  B  in  the  portion 
of  the  circuit  external  to  O.  Let  e  be  this  electromotive  force 
(Fig.  153),  then  we  have  (since  G  is  very  much  larger  than  the 
other  resistances) — 


but 

therefore 

"*      ter+xQ  +  rQ' 
Er                e 

xr  +  xG  +  rQ~  a' 
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that  is, 

6  EG  E 


r       xr  +  x(jr  +  rG      xr  ,       ,     ' 

but,  sinoe  G  is  very  great  compared  with  the  other  resistanoes, 

^^ 

therefore 

e  E 


X  +  r 


But  by  Ohm's  law  (§  2,  page  1),  the  current  C,  flowing  out  of 
the  battery — that  is,  flowing  through  r — ^is 


therefore 


C  =  -,    or,    6  =  Cr; 


that  is  to  say, 

(A)  The  difference  of  the  potential  at  ttoo  points  in  a  resistance  (in 
which  no  electromotive  force  exists)  is  equal  to  the  product  of  the  current 
and  the  resistance  between  the  two  points. 

855.  We  will  next  consider  the  case  where  an  electromotive 
force  exists  in  the  resistance  through  which  the  current  is  flowing, 
the  strength  of  the  latter,  and  the  potentials  at  the  two  points, 
being  partly  due  to  this  electromotive  force. 

We  have  two  cases  to  be  considered,  first,  that  in  which  the 
electromotive  force  in  the  resistance  opposes  the  current  actually 
flowing,  and  second,  that  in  which  the  force  acts  in  the  same 
direction  as  the  current. 

C^^  ^  C2  C  ^ 


Lr|,|H-^        V r y       ^||l^ 

Fio.  154.  Fig.  155.  Fio.  156. 

In  Fig.  154,  let  B  be  a  resistance  between  the  points  A  and  B, 
and  let  C^  be  the  current  flowing  duekMiu  f'pJf'yjiiQl  electromotive 
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force  in  a  resistance  (or  combination  of  resistances)  r ;   then  by 
law  (A)  (page  329),  we  have 

V,-V,'  =  OiR.  [1] 

Next,  let  OB  first  suppose,  as  in  Fig.  155,  that  we  have  in  B  a 
current  Cj  caused  by  an  electromotive  force  E,  then  by  Ohm's 
law  we  have 

C,  =  g^^,    or,    C,R  +  Car  =  E, 

that  is, 

Car  =  E-  CaR; 

but  by  the  law  (A)  (page  329)  we  have 

Va  —  V  2  =  Cj  r ; 
therefore  • 

Vj- Va'  =  E-CaE.  [2] 

Now  if  we  take  the  case  shown  in  Fig.  156  where  the  current 
C  i8  produced  by  the  two  electromotive  forces,  then  the  respective 
potentials  at  the  points  A  and  B  must  be 

v  =  v,  +  v, 

and 

v  =  v/  +  v;. 

Therefore  we  have 

v-v'-cv.-ViO  +  CV^-VA 

and  by  substituting  the  values  of  Vj  —  Vx'  and  V,  —  V,  given  in 
equations  [1]  and  [2]  we  get 

V-V'  =  CiB  +  E-CaB  =  B(C,  -  C,)  +  E; 

but  we  can  see  that 

C  =  Oi  -  Ca, 
therefore 

V-V'  =  CB  +  E,  [3] 

V  being  always  greater  than  V. 

In  the  case  we  have  taken  we  have  supposed  the  electromotive 
force  E  to  act  against  the  current ;  if  we  take  the  force  to  act  with 
the  current,  then  we  get 


V-.V'  =  CE-E.  [4] 
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It  may  be  remarked  that  this  rule  is  true  whether  (a)  C  is  due  to 
E  alone,  (6)  to  E  assisted  by  an  external  force,  or  (c)  to  E  diminished 
by  an  external  force.  In  cases  (a)  and  (c)  however,  V  —  V  is 
always  positive,  but  in  case  Q>)  it  is  sometimes  positive  and  some- 
times negative,  according  to  circumstances.* 

366.  The  result,  then,  that  we  have  arrived  at  by  the  fore- 
going investigation  is,  that — 

(B)  The  difference  of  the  potentials  at  two  points  in  a  resistance  in 
which  an  electromotive  force  exists  is  equal  to  the  product  of  the  current 
and  the  resistance  between  the  two  points,  added  to  the  electromotive 
force  in  the  resistance^  this  electromotive  force  being  negative  if  it  acts 
with  the  current,  and  positive  if  it  opposes  it. 


Measurement  of  Batiery  Besistance  by  Eempe's  Method. 

357.  Besides  determining  the  electromotive  force  of  a  battery, 
we  can  also  determine  its  internal  resistance  with  great  facility 
by  means  of  a  condenser.  To  do  this,  first  charge  the  condenser 
by  means  of  the  battery,  and  note  the  discharge  deflection,  which 
we  will  call  a ;  next  insert  a  shunt,  S,  between  the  poles  of  the 
battery ;  again  charge  and  discharge  the  condenser,  and  note  the 
new  deflection,  which  we  will  call  p.  Let  e  be  the  electromotive 
force  between  the  poles  of  the  battery  when  the  shunt  S  is.  inserted, 
and  let  C  be  ihe  current  flowing,  then  by  law  (A)  (page  329),  we 
have 

e  =  CS,    or,    C  =  -^- 

Also,  if  E  be  the  electromotive  force  of  the  battery,  and  r  its  re- 
sistance, we  have 

E 


C  = 


+  r' 


therefore 

or 
therefore 


*  This  latter  case  is  met  with  in  Lnmsden's  Electromotive  Force  test, 
page  177. 


e 

8^ 

E 

f' 

e8  + 

er  = 

ES 

er  = 

8(E- 

-«). 
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or 


oE-e 

r  =  S ; 

e 

but  we  must  also  have 

HieiiaiP; 

therefore 

r=:S^-^. 

P 

[A] 

To  obtain  accuracy  it  is  advisable  for  the  value  of  S  to  be  such 

a* 
that  the  deflectiou  p  is  approximately  equal  to  -  .. 

o 

For  example. 

A  battery  whose  resistance  (r)  was  required  was  joined  up  with 
a  galvanometer,  condenser,  discharge  key,  &c.,  as  shown  by  Fig.  142, 
page  313.  The  condenser  being  charged  and  then  discharged 
through  the  galvanometer  (by  depressing  and  then  releasing  the 
key  Ka),  a  deflection  of  290  divisions  (a)  was  produced.  A  resist- 
ance of  20  ohms  (S)  was  then  joined  between  the  terminals  of  the 
battery,  and  the  condenser  again  charged  and  discharged  throui^h 
the  galvanometer,  the  value  of  the  deflection  obtained  being  105 
divisions  (j8).    What  was  the  resistance  of  the  battery  ? 

r  =  20?55,r-l^  =  35-2  ohms. 
105 

It  is  evident  that  if  S  be  adjusted  till  i^  =  -,  then 

r=S.  [B] 

An  error  in  the  foregoing  kind  of  test  may  possibly  arise  from 
one  measurement  being  made  with  the  poles  of  the  battery  free, 
when  no  action  goes  on  in  it,  and  the  second  being  made  with  it 
shunted,  which  may  cause  a  falling  off  in  its  electromotive  force, 
as  action  would  then  be  taking  place;  the  accuracy  of  the  test 
depends  upon  the  electromotive  force  being  constant  in  both  cases. 
If  the  shunt  S  be  connected  to  the  battery  by  means  of  a  key,  then 
the  seoond  discharge  deflection  p  is  best  obtained  by  flrst  pressing 
down  the  key  Kj  (Fig.  142,  page  313),  then  pressing  down  the 
key  which  connects  the  shunt  to  the  battery,  and  then  immediately 
afterwards  releasing  the  key  K^,  and  noting  the  deflection.  Thus 
as  little  time  as  possible  is  allowed  for  polarisation  to  take  place. 

♦  The  reason  of  thia  will  be  obtious  from  a  consideration  of  the  investigations 
given  in  §  123,  page  124,  and  §  128,  page  123. 
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Measorement  of  Battery  Resistance  by  Mqirhkad's  Method. 

358.  A  very  excellent  modification  of  the  foregoing  method  has 
been  devised  by  Dr.  A.  Muirhead ;  it  possesses  the  great  advantage 
of  being  free  from  the  source  of  error  just  mentioned. 

In  this  test  (Fig.  157)  the  battery,  galvanometer  and  condenser 
are  joined  up  in  circuit  with  a  key  K^.  The  condenser  0  being 
short-circuited  for  a  moment,  so  as  to  dissipate  any  charge  which 
may  have  been  accidentally  left  in  it,  key  E,  is  depressed ;  this 
oauses  a  charge  to  rush  into  the 
condenser  through  the  galvano- 
meter, producir»g  the  same  deflec- 
tion as  would  be  produced  if  the 
condenser,  when  charged  from  the 
battery  direct,  were  discharged 
through  the  galvanometer. 

The  charge  deflection  (a)  being 
noted,  the  key  K2  is  kept  perma- 
nently down,  so  as  to  keep  the 
condenser  charged.  By  means  of 
key  Ki,  a  shunt  (S)  is  now  con-  ^^'  ^^7. 

nee  ted  between  the  poles  of  the 


HKI>- 


battery ;  at  the  moment  this  takes  place  the  potential  at  the  poles 
of  the  latter  falls,  and  a  reverse  deflection  of  the  needle  of  the 
galvanometer  is  produced.  If  we  suppose  this  deflection  to  be  due 
to  an  alteration  of  the  potential  from  a\jo  fi  (the  latter  being  the 
same  quantity  as  that  given  in  the  previous  test),  its  value,  £, 
will  be 

{  =  a  -  )3,     or,     ^  =  a  -  £. 

If,  then,  we  substitute  this  value  of  P  in  equation  [A]  (page  332) 
of  the  previous  test,  we  get 

a  -  J 

For  example. 

The  shunt  S  having  a  resistance  of  10  ohms,  the  deflection 
produced  on  depressing  keyK^,  was  310  divisions  (a).  Kj  being 
held  down,  Kj  was  depressed,  when  a  deflection,  of  100  divisions 
(f) — in  the  reverse  direction  to  a — was  obtained. .  What  was  the 
resistance  of  the  battery  ? 
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r  =  10,,^^^^,^^  =  4-76  ohms. 
310  -  100 

As  in  the  previous  test,  it  is  advisable  to  give  S  such  a  value 

that  { is  approximately  equal  to  -. 

As  no  polarisation  of  any  extent  takes  place  in  the  battery  till 
some  seconds  after  the  shunt  has  been  connected  to  the  former  by 
the  key,  and  as  the  deflection  takes  place  immediately  the  key  is 
depressed,  it  follows  that  very  accurate  results  will  be  obtained  by 
this  test.  It  may  be  remarked,  however,  that  Professor  Oamett 
has  found  that  polarisation  takes  place  in  a  battery  in  an  extremely 
short  space  of  time — in  even  the  -n^©*^  P*^'*  ^^  *  second;  the 
amount,  is  however,  of  course  very  smalL  In  Muirhead's  test  the 
time  during  which  polarisation  would  tend  to  affect  the  accuracy 
of  the  test  would  be  that  occupied  by  the  galvanometer  needle  in 
swinging  from  zero  to  the  deflection,  (,  consequently  the  quicker 
the  swing  (consistent  with  accurate  reading)  the  better. 

Measurement  of  Battery  Kesistance  by  Munro's  Method. 

359.  A  modification  of  Muirhead's  method  has  been  suggested 
by  Mr.  J.  Munro,  which  simplifies  calculation,  inasmuch  as  it  gives 
the  value  of  a  —  f  by  a  single  deflection. 

Key  El  is  first  depressed,  and  then  immediately  afterwards  key 
E,  is  also  depressed ;  this  gives  a  deflection  ^,  which  is  equivalent 
to  the  difference  between  the  deflections  a  and  ^  in  the  last  test. 
Eey  E^  is  now  raised,  leaving  key  Ej  down ;  and  as  soon  as  the 
galvanometer  needle  becomes  steady,  E^  is  depressed  again,  and 
the  deflection  i  read,  then  we  have 

E  =  sf. 

As  a  slight  interval  of  time  may  elapse  between  the  depression 
of  key  El  and  key  Ej,  when  obtaining  the  deflection  $  (during 
which  time  the  battery  would  be  partially  short-circuited),  it 
would  be  preferable  to  make  the  test  in  tha  following  manner : — 
Make  the  connections  so  that  the  front  contact  of  key  E^  is  joined 
on  to  the  lever  of  key  E3  instead  of  on  to  the  front  contact  of  the 
latter,  as  in  Fig.  157  (page  333);  then  in  order  to  obtain  0,  depress 
Ki  and  keep  it  down,  and  immediately  afterwards  depress  E,;  the 
deflection  observed  in  this  case  will  be  0,  Now  raise  key  Ej, 
keeping  key  E,  down,  and  when  the  galvanometer  needle  has 
become  steady,  depress  E^,  then  the  deflection  obtained  will  be  f. 
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Meagurement  of  Polarisation  in  Batteries. 

360.  The  amount  of  polarisation  which  takes  plaoe  in  a  battery 
when  the  latter  is  short-Ksircuited  may,  if  required,  be  easily 
ascertained  in  the  following  manner: — In  Fig.  157  (page  333)  let 
S  be  a  shbrt  piece  of  wire  of  practically  no  resistance,  then  having 
short-circuited  the  condenser  C  for  a  moment,  depress  key  E,, 
and  note  the  deflection  d^.  Keeping  K,  down,  depress  K^,  and 
hold  it  down  for  a  definite  time,  say  one  minute ;  at  the  end  of 
the  interval  release  E^,  and  note  the  deflection  d^\  then  the 
percentage  of  polarisation  in  the  one-minute  interval  will  ob- 
viously be 

100  {d^  -  d^) 

Measurement  of  the  Beaistance  of  Batteries  of  Low  Besistanee. 

361.  In  cases  where  it  ia  required  to  measure  the  total  resist- 
ance of  a  number  of  cells  of  extremely  low  resistance  (secondary 
batteries,  or  accumulators,  for  example)  by  any  of  the  foregoing 
methods,  the  heating  effect  produced  by  the  current  passing 
through  the  shunt  S  when  the  latter  is  connected  to  the  battery 
by  means  of  the  key  Ej,  would  be  liable  to  heat  and  damage  the 
coiln  of  which  the  shunt  is  composed.  In  such  cases  the  cells 
shoxdd  be  divided  into  two  sets,  one  set  having,  say,  one  more  cell 
than  the  other;  the  two  sets  should  then  be  joined  together  so 
that  their  electromotive  forces  oppose  one  another.  By  this 
arrangement  we  practically  obtain  a  battery  whose  electromotive 
force  is  equal  to  one  cell  only,  but  whose  resistance  is  equal  to 
that  of  all  the  cells ;  consequently  the  current  generated  can  be 
but  comparatively  small,  and  would  have  but  little  heating  effect. 
The  contact  in  key  Eg  should  be  made  by  means  of  a  mercury 
cup. 

362.  When  comparing  large  electromotive  forces  with  small 
ones — as,  for  instance,  100  cells  with  one  cell — ^by  the  condenser 
discharge  method,  the  smaller  force  should  be  taken  first ;  for  a 
large  charge  usually  leaves  a  residuum  in  the  condenser,  which 
may  be  greater  than  the  small  force,  and  which  can  only  be 
thoroughly  dissipated  by  leaving  the  condenser  short-circuited  for 
some  time.  If  the  smaller  force  is  measured  first,  then  any 
residuum  it  may  leave  becomes  entirely  swamped  by  the  larger 
force,  and  no  increase  of  charge  is  added  to  the  condenser  beyond 
that  due  to  the  larger  force  itself. 
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363,  Although  the  condenser  practically  becomes  charged 
instantaneously,  it  is  usual  to  keep  the  current  on  for  a  definite 
time;  twenty  seconds  is  the  period  very  generally  adopted;  this 
ensures  that  the  charging  is  complete. 

364.  When  discharge  currents  are  being  measured,  especial 
care  must  be  taken  to  insert  a  shunt  of  small  resistance  in  the 
galvanometer  at  first,  as  momentary  currents  are  very  liable  to 
weaken  the  magnetism  of  the  needles  when  these  currents  are 
strong.  If  this  precaution  is  not  taken,  a  set  of  measurements  for 
one  test  may  be  rendered  useless,  as  a  comparison  of  measurements 
made  before  the  magnets  become  weakened,  with  measurements 
taken  after,  would  be  obviously  impossible,  and  much  loss  of  time 
would  result 
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365.  If  we  have  a  simple  cirooit,  as  shown  by  Fig.  158,  then 
if  we  know  the  total  resistanoe,  R  +  G  +  r,  of  the  same,  and  also 
the  eleotromotiye  force,  E«  of  the  battery,  we  can  at  once  deter- 
mine the  strength  of  the  current  flowing,  for  by  Ohm's  law  we 
have 

E 


C  = 


R  +  G  +  r' 


Fig.  158. 


If  the  resistances  are  in  ohms  and  ^e 
electromotive  force  of  the  battery  in  volts, 
then  the  resulting  current  will  be  in 
ampdres. 

For  example. 

The  electromotive  force,  E,  of  a  battery 
which  produced  a  current,  C,  in  a  circuit 
whose  total  resistance,  R^,  was  500  ohms, 

was  found  by  comparison  with  a  Daniell  cell  (1'08  volts  approxi* 
mately)  to  be  3*5  times  as  strong  as  the  latter;  what  was  the 
strength  of  the  current,  C,  flowing  in  the  circuit? 

E  =  3-5  X  1-08  =  3-78  volts. 

3*78 
C  =  —z—-  =  '00756  amperes  =:  7'56  milliamperes, 

366.  In  the  foregoing  method  of  measurement,  in  order  to 
determine  the  strength  of  the  current,  it  was  necessary  to  know 
both  the  resistanoe  of  the  circuit  and  also  the  electromotive  force 
producing  the  current.  A  direct  determination  of  the  latter  can 
only  be  made  by  comparing  it  with  a  current  of  a  known  strength 
4UI  fallows ; — . 

z 
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DiREcrr  Deflection  Method. 

367.  In  this  method  a  galvanometer  is  inserted  in  the  circuit 
through  which  flows  the  current  whose  strength  is  to  be  measured. 
The  resistance  of  the  galvanometer  should  be  sufficiently  low  not 
to  appreciably  increase  the  total  resistance  of  the  circuit  in  which 
it  is  inserted*  The  deflection  produced  by  the  current  being 
noted,  the  galvanometer  is  removed  and  joined  up  in  a  circuit 
with  a  standard  battery  (psge  157)  and  a  resistance;  the  latter  is 
then  adjusted  until  the  deflection  which  was  obtained  in  the  first 
instance  is  reproduced ;  in  this  case,  then,  the  current  flowing 
must  be  equal  to  the  current  whose  strength  is  required.  If 
therefore  we  divide  the  electromotive  force  (in  volts)  of  the 
standard  battery,  by  the  total  resistance  (in  ohms)  in  its  circuit, 
we  get  at  once  the  required  strength  of  the  current,  in  amperes. 
The  resistance  of  the  standard  battery  requires  of  course  to  be 
included  in  the  total  resistance  unless  it  is  so  small  that  it  can  be 
neglected. 

368.  As  a  standard  cell  of  the  Clark  type  (§  169,  page  159) 
cannot  be  used  for  tests  of  this  description,  owing  to  the  fact  that 
its  electromotive  force  would  run  down,  a  Daniell  cell  or  an  accu- 
mulator should  be  used,  the  electromotive  force  of  the  t^ame  being 
compared,  previous  to  and  after  the  test,  with  a  Clark  standard  cell 
by  meauM  of  one  of  the  methods  described  in  Chapter  YII. 

369.  The  degree  of  accuracy  attainable  in  a  test  of  this 
kind  is  directly  proportional  to  one-half  the  degree  of  accuracy 
with  which  the  galvanometer  deflection  can  be  read,  for,  since 
two  measurements  have  to  be  made,  one  with  the  current  whose 
strength  is  required,  and  the  other  with  the  standard  cell,  there 
may  be  errors  made  in  both  of  these.  If  the  current  to  be 
measured  is  a  strong  one,  so  that  it  is  necessary  to  shunt  the 
galvanometer  when  obtaining  a  deflection,  this  shunt  not  being 
used  when  the  deflection  is  reproduced  with  the  standard  cell, 
then  in  this  case  the  result  obtained  by  dividing  the  electro- 
motive force  of  the  standard  cell  by  the  total  resistance  in  its 
circuit,  must  be  multiplied  by  the  multiplying  power  of  the  shtmt 
(page  89)  in  order  that  the  correct  strength  may  be  obtained. 

For  example. 

In  measuring  the  strength  of  a  current,  the  deflection  produced 
on  the  galvanometer  shunted  with  the  ^th  shunt,  was  50°.  The 
galvanometer  (without  the  shunt)  being  connected  up  with  a 
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Daniell  cell  of  10  olims  resistaDoe,  and  a  set  of  Tesistance  ooila,  it 
was  found  necessary  to  adjust  the  latter  to  560  ohms  in  order  to 
bring  the  needle  to  50° ;  what  was  the  strength,  C,  of  the  cnrrent 
to  be  measured  ? 

1*08 
C  =  X  10  =  '019  amperes  =  19  milliamp^res. 

ooO-T*  10 

370.  When  a  galvanometer  is  inserted  in  a  circuit  through 
which  a  current  is  flowing  whose  strength  it  is  required  to 
measure,  it  is  very  necessary  that  the  resistance  of  the  instru- 
ment be  very  low  ^compared  with  the  resistance  of  the  circuit 
itself,  otherwise  the  introduction  of  the  galvanometer  will  reduce 
the  current  flowing,  and  the  result  obtained  will  not  be  the  one 
required.  Before  making  the  test  it  would  of  course  be  necessary 
to  ascertain  whether  the  galvanometer  available  for  use  would 
meet  the  desired  conditions. 

To  make  the  test  as  accurately  as  possible  it  would  be  necessary 
that  the  galvanometer  needle  when  deflected  be  as  near  to  the 
angle  of  maximum  senntwenesa  (page  25)  as  possible.  If  Ihe 
strength  of  current  necessary  to  give  this  angle  be  found  by  join- 
ing ap  a  standard  cell  and  a  set  of  resistances,  and  varying  the 
latter  until  the  required  deflection  is  obtained,  then  we  can  always 
tell  whether  the  instrument  would  be  suitable  for  a  particular 
purpose.  Thus,  for  example,  suppose  the  galvanometer  had  a 
resistance  of  1000  ohms,  and  the  angle  of  maximum  sensitiveness 
Were  approximately  equal  to  60°,  and  suppose  fai-ther  that  this 
deflection  were  obtained  by  1  Daniell  cell  through  a  total  resist- 

1  *  08 
ance  of  8000  ohms,  that  is,  with  a  current  of  -q-^tt^  =  •  000135 

oOOO 

ampdres  ('135  miUiamp^res) ;  then  to  measure  such  a  current  we 
must  have  the  whole  resistance  of  the  galvanometer,  viz.  1000  ohms, 
in  circuit.  If  the  instrument  were  shunted  with  the  ^th  shunt, 
then  the  resistance  would  be  reduced  to  100  ohms,  and  the  current 
corresponding  to  60°  deflection  would  be  * 00 135  amperes;  and 
again,  if  the  -n^th  shunt  were  employed  the  resistance  would  be 
reduced  to  1  ohm,  and  the  current  corresponding  to  60°  would  be 
*135  amperes;  thus  we  see  that  if  it  were  required  to  measure  a 
current  of  about  *  0135  amperes  and  it  were  necessary  that  a  resist- 
ance no  greater  than  one  ohm  should  be  inserted  in  the  circuit, 
then  it  is  evident  that  the  galvanometer  in  question  would  not 
answer  the  purpose  required,  since  a  good  deflection  with  •  0135 
amperes  of  current  would  not  be  obtained  if  a  lower  shunt  than 

r.  2 
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TiTftli  were  employed,  which  latter  shunt  would  rednoe  the  galvano- 
mefer  resistance  down  to  10  ohms  only. 

It  is  preferable,  when  possible,  to  employ  a  galvanometer  of 
high  resistance  shunted  down,  rather  than  one  of  low  resistance 
not  shunted  down,  since  with  such  a  galvanometer  it  is  easier  to 
measure  the  *' constant"  of  the  instrument  accurately;  for  the 
high  resistance  of  the  latter,  together  with  the  high  resistance 
which  it  would  be  necessary  to  place  in  circuit  in  order  to  get  a 
readable  deflection  with  one  standard  cell  only,  would  swamp,  as  it 
were,  the  resistance  of  the  cell,  which  resistance  need  not  then  be 
taken  into  account,  or  at  least  need  only  to  be  known  approxi- 
mately. With  a  galvanometer  of  low  resistance,  however,  where  a 
comparatively  small  resistance  only  would  have  to  be  introduced 
into  the  circuit  in  order  to  get  the  required  deflection,  the  resistance 
of  the  cell  would  be  required  to  be  known  accurately,  as  it  would 
form  an  important  item  in  the  total  resistance  of  the  circuit. 

371.  The  foregoing  test  has  the  advantage  that  it  can  be  made 
with  almost  any  form  of  galvanometer,  for  as  only  one  deflection 
has  to  be  obtained  it  is  not  necessary  to  know  what  proportions 
the  various  degrees  of  deflection  which  it  is  possible  to  have,  bear 
to  the  currents  which  produce  them.  If,  however,  a  tangent 
galvanometer  is  employed  to  make  the  test,  then  it  is  unnecessary 
to  reproduce  the  same  deflection  exactly,  though  it  is  advisable  to 
make  it  approximately  near  to  it. 

372.  Suppose  that  in  the  last  example  the  test  had  been  made 
with  a  tangent  galvanometer,  and  the  deflection  obtained  vdth  the 
standard  cell  had  been  54°  instead  of  60°  (the  deflection  given  by 
the  current  whose  strength  was  required),  then  in  this  case  the 
actual  strength,  C|,  of  the  current  would  be 

^'  "  5"60TrO  ^  ^"  ^  teS~64°  " 

66OT1O  ^  ^^  ^  rSS  "  '^^^^  ^"'P^^  =  ^^'^  milliamp^res. 

373.  If  we  use  no  shunt,  or  the  same  shunt  when  taking  both 
the  deflections,  and,  further,  if  we  make  the  total  resistuice  in 
circuit  with  the  Daniell  cell  equal  to  1080  ohms,  then  calling  cP 
the  deflection  given  by  the  current,  and  d^^  the  deflection  given  by 
the  standard  cell,  we  have 

^        l-08_tan<r  tan<r        _*  tan^T     .„.        . 

^»  =  1080  ^  teM?  =  iO^Otanrf,'""^^  =  terrf7"'"'*"P*'*"' 
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or,  further  still,  if  by  means  of  an  adjusting  magnet  we  can 
arrange  that  the  deflection  given  by  the  standard  cell  throngh 
1080  ohms  equals  45°,  then  since  tan  45°  =  1,  we  must  have 

Xjj_     JO 

C|  =  amperes  =  tan  (T  milliampdres. 

Caedew's  Differential  Method.* 

874.  This  method,  devised  by  Major  Cardew,  E.S.,  is  a  very 
satisfactory  and  useful  one ;  its  theory  is  shown  by  Fig.  159. 

The  galvanometer  G  is  wound  with  two  wires,  g  and  g^ ;  the 
current  C^  whose  strength  it  is  required  to  measure  is  passed 
through  the  coil  g^  (which  has  a  low  resistance),  and  a  stwdard 


Fig.  159. 


Fio.  160. 


battery  E  is  connected  in  circuit  with  the  second  coil  g  and  with 
an  adjustable  resistance  R.  The  current  being  passed  through  the 
coil  ^1,  the  resistance  R  is  adjusted  until  the  needle  comes  to  zero. 
If  we  call  n  and  fij  the  relative  deflective  effects,  for  the  same 
current,  of  the  two  coils  g  and  g^y  and  if  C^  and  o  be  the  currents 
flowing  through  g^  and  ^,  respectively,  then  in  order  to  produce 
equilibrium  we  must  have 

c  :  Ci : :  ni  :  II, 
or 

C   =-. 

*       »i 

Now  the  current  through  c  will  evidently  be 

E 
'  =  RT^' 
the  resistance  of  the  battery  being  included  in  B ;  therefore 


Ci 


E  n^ 


*  '  JonrDsl  of  the  Society  of  Tel6gTaph-£ngm«en»'  toI.  zi.  p.  301. 
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For  example. 

The  relative  deflective  effects  of  the  coils  g  and  g^  were  as 
1000  to  1 ;  the  resistance  of  ^  was  100  ohms.  The  battery  E  was 
a  1-cell  Daniell.  In  order  to  obtain  equilibrium  the  resistance  R 
had  to  be  adjusted  to  4800  ohms.  What  was  the  strength  of  the 
current  Cj  ? 

d  =  ^Q^^/^^^^  X  ~^^^  =  -221  amperes  =  221  milHamp^res. 
4oOU  "T"  100  1 

375.  The  relative  deflective  effects  of  g  and  g^  are  easily  ascer- 
tained by  joining  up  a  battery  e  and  two  resistances  B^  and  R,,  as 
shown  by  Fig.  160,  and  then  adjusting  until  equilibrium  is  pro- 
duced ;  in  this  case  we  have 

n  ;  ni  :  :  Ri  +  ^  :  Ra  +  ^1, 
or 

«l        ^2  +  ^i' 

376.  As  the  accuracy  with  which  a  test  can  be  made  depends, 
amongst  other  things,  upon  the  accuracy  with  which  —  is  known, 

the  higher  the  battery  power,  e,  it  is  possible  to  use,  the  better, 
since  in  this  case  the  higher  will  be  the  values  which  can  be  given 
to  Ri  and  R,,  and  the  higher  consequently  will  be  their  range  of 
adjustment ;  thus  if  we  use  sufficient  battery  power  to  enable  a 
change  of  *  1  per  cent.,  that  is  to  say,  1  ohm  in  1000  ohms,  or 
^ih  of  an  ohm  in  100  ohms  in  R^  +  g^  to  produce  a  perceptible 

movement  of  the  needle,  then  we  can  obtain  the  value  of—  to  an 

accuracy  of  *  1  or  -j^th  per  cent. 

The  resistance  of  gi  would  have  to  be  very  small  compared  with 
the  resistance  of  g,  so  that  it  would  not  add  appreciably  to  the 
resistance  of  any  circuit  in  which  it  is  inserted. 

377.  As  regards  the  Bed  conditions  for  making  the  iett,  this  will  be  directly 
proportional  to  the  relative  values,  of  the  figure  of  merit  (page  85),  of  the  ooil  9,, 
and  the  current  to  be  measured,  for  it  is  evident  that  no  matter  whether  equi- 
librium exists  owing  to  there  being  no  cm  rent  flowing  through  the  ooils  g  and  g^, 
or  to  equal  currents  flowing,  still  the  current  which  will  deflect  the  needle 
1  division  will  be  the  same  in  both  cases;  hence  if  the  figure  of  merit  of  the 
ooil  gx,  be,  say,  ;  0.006^^  °^  ^^  amp^,  then  an  increase  of  yo^Voo**^  ®^  *"* 
Ampere  ^iV^  milUamp^)  in  the  current  Gj,  no  matter  what  the  strength  of 
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the  latter  may  be,  will  produce  a  deflection  of  1  degree.  It  is  evident,  therefore, 
tliat  the  greater  the  stiength  of  the  current  the  greater  is  the  degree  of  aocuracy 
with  which  its  value  can  be  deterroined  ;  thus  if  c'  be  the  figure  of  merit  of  the 
coil  g^  and  C|  be  t)ie  current  to  be  measured,  then  the  Percentage  of  accuracy 
attainable  will  be  the  percentage  which  c'  is  of  C,. 

To  enable  this  percentage  to  be  obtained,  however,  it  would  be  necessary  that 
the  total  resistance  of  the  drcuit  of  (7  be  adjustable  to  a  degree  of  accuracy 
similar  to  that  in  the  case  of  g^ ;  in  order  that  this  may  be  so,  E  must  be  of  such 
a  value  that  the  number  of  units  in  R  +  gf  is  not  leas  than  that  which  satisfies 
the  equation 

_1 ^ 

R  +  Sr-C/ 


Now, 
therefore 


_,  E  n 

^'  =  R  +  (7^«/ 

_       Ec'  n 

C,  fix 
or 

^      C,«  n. 

For  example. 

The  figure  of  merit  of  ooil  ^,  of  the  galvanometer  was  *0001  amperes  (<0: 
the  current  to  be  measured  was  approximately  *5  amp^es  (0|);  and  the  value  of 

—  was  *001.    What  was  the  possible  degree  of  aocuracy  attainable  in  making 

the  test,  and  what  would  have  been  the  lowest  value  which  should  have  been 
given  to  E  in  order  that  this  degree  of  accuracy  might  be  attained  ? 

Percentage  of  accuracy  »   .-= =  *02  per  cent. ; 

also 

B  =  ^oj-  X    001  =  2-5  volts. 

If,  therefore,  E  consisted  of  3  Daniell  cells,  the  required  value  otB  +  g  would 
have  been  obtained. 

To  sum  up,  then,  we  have 


Best  Conditions  for  making  the  Test 

378.  Make  E  not  lees  than  JlJ-  x  --^  c'  being  the  figure  of 

c         n 

merit  of  the  coil  through  which  the  current  to  be  measured  is 


Possible  Degree  of  Accuracy  attainable 


Percentage  of  accuracy  =  — ^  . 
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Kemps's  Bbidgb  Method. 

379.  This  method  is  a  modification  of  the  foregoing,  and  it  has 
the  advantage  that  it  does  not  require  a  speoial  form  of  galvano- 
meter for  its  execution.    It  is  shown  in  principle  by  Fig.  161. 

In  making  the  test  the  re- 
sistance R  is  adjusted  until  no 
deflection  is  observed  on  the  gal- 
vanometer; when  this  is  the  case 
the  current  e  from  the  battery 
most  also  be  the  current  flowing 
through  r,  and,  again,  the  current 
Gi  must  also  be  the  current  flowing 
through  r^.  Now  since  no  current 
flows  through  the  galvanometer, 
the  potentiab  V,  V,  on  either  side 
of  it  must  be  the  same,  hence  if  o  be  the  potential  at  the  junction 
of  r  and  r^,  then  by  law  (A)  (page  329)  we  have 


Fig.  161. 


and 

therefore 

or 

but 
therefore 


Cifi  =cr. 


e-     ^ 


[Al 


For  example. 

The  battery  E  consisted  of  a  single  Daniell  cell.  The  resist^ 
ances  r  and  r^  were  100  ohms  and  1  ohm,  respectively.  Equi-> 
librium  was  obtained  on  the  galvanometer  G  when  R  was  adjusted 
to  4000  ohms;  what  was  the  strength  of  the  current  G^  ? 


C,= 


1-08  X  100 
1  (4000  +  100) 


=  '0264  amperes  =  26*4  milliampires. 
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S80.  Let  UB  now  connder  the  Bed  CondiUomfor  fndking  ihs  Ted. 

What  we  have  to  detenniae  u^— let,  what  should  be  the  values  of  E  and  r  ? 
and  2nd,  what  should  be  the  value  of  B  ? 

The  values  which  E  and  r  should  have  should  be  such  that  the  deflection  of 
the  galvanometer  needle  is  as  large  as  possible  when  equilibrium  is  very  nearly, 
though  not  quite,  produced.  Now  if  we  regard  R  as  a  constant  quantity,  then 
the  value  which  E  must  have  will  depend  upon  the  value  given  to  r,  conse- 
quently we  have  to  determine  what  the  latter  quantity  should  be. 

Frsotically  the  resistance  fj  would  in  all  cases  have  to  be  of  a  very  low  value, 
and  if  we  consider  it  to  be  so  the  problem  to  be  solved  becomes  a  comparatively 
simple  one.  We  may  regard  the  current  <f  producing  the  deflection  of  the 
galvanometer  needle  as  due  to  a  diflctrence  of  two  currents,  0,  being  one,  and  the 
current  produced  by  the  electromotive  force  £,  being  the  other.  Let,  then,  Cj 
and-c,  be  the  portions  of  these  currents  which  flow  in  opposite  directions  through 
the  galvanometer  G,  then  if  we  suppose  the  deflection  to  .be  due  to  B  being 
incorrectly  adjusted  to  R  +  S»  we  have  (supposing  r,  to  be  very  small), 

, 0»f, C,r,(B  +  8  +  r) 

/I.    (B-M)r  "GR  +  G«  +  Gr  +  Kr  +  r«* 
«+B+«+r 
and 

E ___r Ej;; . 

^*~-,  .  .  .      HT'^r  +  G-GB  +  GJ  +  Gr  +  Br  +  ra* 
^  +  *  +  BT-fG 

but  since  from  equation  [A]  (page  344)  we  have 


therefore 

Now, 
therefore 


C,  -  r,  (B  +  ry    ^''    B«'  =  C,r,(B  +  r), 
fir»(R  +  r) 


''«"GR  +  G«  +  Gr  +  Rr  +  r8" 

c'  ^  c,  -  c,, 

C^^'^(B4^g■^r)  0,  r^  (R  +  r) 

GR  +  Ga  +  Gr  +  Rr  +  ra  *GR  +  Ga  +  Gr+Br  +  ra 

C,ria . 

"GB  +  Ga  +  Gr  +  Rr  +  ra' 


or,  since  a  is  very  small,  we  may  say, 

^_  Oing  ^  Cir,a 

^"GB  +  Gr  +  Br      B(G  +  r)  +  Gr 

From  this  equation  we  can  see  that  r  should  be  made  small,  but  we  oan  also 
see  that  there  is  but  little  advantage  in  making  it  much  smaller  than  G.  In  fact« 
there  is  an  actual  disadvantage  in  making  r  extremely  small,  for  this  would 
necessitate  E  being  made  very  large,  which  would  be  inconvenient. 

We  have  next  to  determme  what  is  the  best  value  to  give  to  B.  Now,  the 
larger  we  make  the  latter,  the  greater  will  be  its  range  of  adjustment,  conse- 
quently, as  in  previous  tests,  we  should  give  it  the  highsd  vaiue  tuck  thai  a 
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change  of  1  tmU  from  it$  correct  retittcoMe  produeee  a  perceptible  deflection  of  the 
gcdvanometer  needle. 
We  have 

^ C,r,5 

and  if  in  thia  equation  we  pnt  8  =  1  we  shall  get  the  current  corresponding  to  a 
change  of  1  unit  from  the  correct  value  of  R,  that  iB 

. C,r. . 

*^""B(G  +  r)  +  Gr* 

or,  since  r  must  be  small,  we  may  practically  say 

^   '  RG' 
from  which 

Ji  =  ^.  [B] 

If  then  we  make  e'  the  flgore  of  merit  (page  85)  of  the  galvsaometer,  the 
value  of  B  worked  out  from  the  equation  will  show  the  highest  value  that  the 
latter  quantity  should  have.  But  the  value  of  B  depends  upon  the  value  given 
to  E ;  we  must  therefore  determine  what  the  latter  should  be. 

We  have 

^»=r.(B  +  r)' 

or 

C,r,(R  +  r). 
E=  ^ 

and  substituting  the  value  of  B  obtained  from  equation  [B],  we  get 

C  r 
or,  as  r  is  small  compared  with  B,  that  is  with  i/yS  we  may  say 

^='VQr' 

For  exampie. 
.  It  was  required  to  measure  the  exact  strength,  G|,  of  a  current  whose  approxi- 
mate strength  was  known  to  be  *03  amperes.  A  Thomson  galvanometer  of 
5000  ohms  resistance  (G)  was  employed  for  the  purpose,  its  figure  of  merit  being 
*  000,000,001  (c').  The  resistances  of  r  and  rj  were  100  ohms  and  1  ohm 
respectively.  What  should  be  the  value  of  E  in  order  that  B  may  be  as  high 
as  possible? 

« ('03  X  ly -^     ... 

**  "  -000,000,001  X  5000  X  100  "  ^  **  ^^^* 

that  is  to  say,  practically,  E  should  consist  of  8  Daniell  cells. 
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Asraming  E  to  be  equal  to  2  Yolts  approximately,  then  (from  equation  [B] 
page  346)  the  yalne  which  B  would  haye  in  order  to  obtain  baJance  would  be 

^  =  ^OOpOOTOOl  X  5000  =  ^^  ^^^ 
approximately. 

381.  Id  order  to  determine  the  Poatible  degree  of  accwracy  aUainahU^  let  us 
suppose  B  to  be  1  unit  out  of  adjustment,  and  let  \  be  the  corresponding  error 
produced  in  0},  then  we  have 

or 

Kr  _  Er      _      Er 

^  -  r,  (B  -  1  +  r)  ■  ^'  -  r,  1^-^  1+  r)      r,  (R  +  r) 

Er 


-r,(R-H-r)(R4-r)* 

or,  since  B  is  large,  we  may  say 

Ei^     . 

^-r,(B  +  r)«* 
but 

therefore 

Br     /0,rA«     0,«r, 
^-  r,  '  VEr;  -"bT* 

If  we  call  \*  the  percanloi^s  of  accuracy,  then 


100  ""^>»    "'»    ''  -    0,    "      Er 
If  we  take  the  values  given  in  the  foregoing  example  we  have  approximately 

100  X  -03  X  1 
2  X  100 
To  sum  up,  then,  we  have 


X'  =       o  V  100—  =  '015  per  cent. 


Beat  Oonditiona  for  making  ike  Test, 

382.  Make  E  the  nearest  poBsible  value  above  ^  ,  Z^    ,  where  c' 

is  the  figure  of  merit  of  the  galvanometer,  and  C^  is  the  approxi- 
mate strength  of  the  current  to  be  measured. 

The  value  which  R  will  require  to  have  will  be 

c'G 

Possible  Degree  of  Accuracy  attainoMe, 

100  C  r 
Percentage  of  accuracy  =  —     ^   ^. 

B  r 
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383.  Fig.  162  shows  the  general  principle  of  this  method. 
A  B  is  a  low  resistance  through  whioh  the  current,  0^,  to  be 
measured  pasBes.     A  galvanometer,  G,  in  circuit  with  a  high 


resistance,  B,  is  connected  between  the  ends  of  A  6  as  shown, 
then,  calling  Y  and  Vj  the  potentials  at  A  and  B  respectiyely,  we 
have  by  law  (A)  (page  329) 

Ci---;: — 

To  determine  V  *-  Vi  all  we  have  to  do  is  to  note  the  deflection 
d  on  the  galvanometer  G,  and  then,  having  disconnected  the  latter, 
together  with  the  resistance  R,  from  A  B,  to  join  them  in  circuit 
with  a  standard  cell  of  known  electromotive  force,  E,  and  to  obtain 
a  new  deflection  di ;  we  then  have 

V  -  Vi  :  B  : :  d  :  di, 
or 

Ed 

BO  that 

_Ed 

rdj 

384.  In  order  that  the  test  may  be  a  satisfactory  one  the  resist- 
ance G  +  B  should  be  very  high  compared  with  the  resistance  r, 
so  that  the  strength  of  Cj  is  practically  the  same  whether  G  +  B 
is  connected  to  A  B  or  not ;  also  r  should  be  as  low  as  possible,  so 
that  it  may  not  appreciably  add  to  the  resistance  of  the  circuit  in 
which  it  is  placed.  In  order,  therefore,  that  a  good  deflection  may 
be  obtained,  the  galvanometer  G  should  be  one  with  a  high  figure 
of  merit  (page  85) ;  a  Thomson  galvanometer  answers  the  purpose 
very  satisfactorily. 
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For  example. 

In  making  a  measurement  aooording  to  the  foregoing  test  the 
resistanoe  r  was  -^th  of  an  ohm,  and  the  deflection  obtained  on  Q 
was  250  divisions  (d).  When  G  and  B  were  oonneoted  to  a 
Daniell  cell  in  the  place  of  being  joined  to  A  B,  a  deflection  of 
230  divisions  (d^)  was  obtained ;  what  was  the  strength  of  the 
current  Oj  ? 

^        1-08x260       „   ^         . 

As  it  is  obviously  advisable  that  the  deflections  obtained  should 
both  be  as  high  as  possible,  the  standard  electromotive  force  E  may 
have  to  be  adjusted  for  the  purpose,  that  is  to  say,  it  may  have  to 
consist  of  several  cells.  Instead  of  adjusting  E  only  we  may  make 
the  latter  of  any  convenient  high  value,  and  then  adjust  B  so  that 
the  required  deflection  is  obtained ;  in  this  case  if  B^  be  the  resist- 
ance when  £  is  in  circuit,  we  must  have 


^  Ed(B  +  G) 
^^i-fdiCBi  +  G) 


For  example. 

In  making  a  measurement  according  to  the  foregoing  test  the 
resistance  of  r  was  i\^th  of  an  ohm  and  the  deflection  obtained  on 
G  was  270  divisions  (d) ;  the  resistances  of  G  and  B  were  5000 
ohms  and  1000  ohms  respectively.  When  G  and  B  were  connected 
to  a  Daniell  cell,  B  had  to  be  adjusted  to  7000  ohms  (B^)  in  order 
to  obtain  a  deflection  of  300  divisions  (d^) ;  what  was  the  strength 
of  the  current  Oj  ? 


C>  =  'T  Vr  ^JnTAny  =  ^-86  ampere-. 
^         tV  X  300  X  (7000  +  5000)  ^ 

course  if  the  va 
and  d]^  are  equal,  then 


(7000  +  5000) 
Of  course  if  the  value  of  B^  is  made  such  that  the  deflections  d 


_E(B  +  G). 
"''-rCBi  +  G) 

885.  From  the  extreme  simplicity  of  the  test  it  must  be  obvious 
that  the  '^  Best  conditions  for  making  the  test "  and  the  **  Possible 
degree  of  accuracy  attainable  "  must  be  as  follows : — 

Beet  Oonditumefor  making  the  Teet. 

Make  B  and  B^  of  such  values  that  the  deflections  obtained  are 
as  high  as  possible. 
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Potmhle  Degree  of  Accuracy  cUtaindUe. 

Percentage  of  accuracy  =  100^  (5  +  T  ) 

where  ^  \b  the  fraction  of  a  division  to  which  each  of  the  defleo- 
tionB  can  be  read. 

DlFFERKMCE  OF  POTENTIAL  EqUIUBRITTM  MeTHOD. 

386.  Fig.  163  shows  the  general  principle  of  this  method. 

A  B  is  a  slide  wire  resistance,  •  being  the  slider.  A  galvano- 
meter, G,  and  a  standard  battery,  E,  are  joined  np  as  shown,  so  that 
the  latter  tends  to  send  a  current  through  r^  in  a  direction  opposing 


A< r; ->D 

Fio.  163. 

the  current  G| ;  •  is  then  slid  along  A  B  until  the  point  is  reached 
at  which  no  deflection  of  the  galvanometer  needle  is  observed; 
when  this  is  the  case,  then  by  law  (A)  (page  329)  we  have 

and  by  law  (B)  (page  330),  since  no  current  is  flowing  through 
the  galvanometer, 

therefore 

or 


If  the  resistance  of  the  whole  length  of  wire  A  B  be  r  ohms, 
and  if  it  be  divided  into  n  divisions,  then  if  the  number  of  divi- 
sions between  A  and  D  be  n^,  the  resistance  r^  will  be 

consequently  we  must  have 

En 
Ci  = 


V- 

V, 

=  E; 

Cx 

»-l  = 

=  E. 

c, 

= 

E 
ri 
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For  example. 

The  electromotive  force  E  consisted  of  1  Daniell  cell ;  the  wire 
A  B  had  a  resistance  of  1  ohm  (r),  and  was  divided  into  1000 
parts  (n).  Equilibrium  was  obtained  when  the  slider  was  set  at 
the  IbOih,  division  (fij) ;  what  was  the  strength  of  the  current  Ci  ? 

^        1-08x1000      ,    ..  . 

C,  =  — ^tztt: —  =  1*44  amperes* 

^  1  X  750  ^ 

387.  The  oonditions  for  making  the  teat  in  the  most  satisfactory  manner  are 
comparatively  simple.  The  nearer  we  have  the  elider  to  B,  that  is  to  say,  the 
larger  we  mikd  tip  the  smaller  will  be  the  percentage  of  error  iu  the  latter  due 
to  the  slider  being,  say,  1  division  oat  of  position.  As  the  position  of  the  slider 
for  equilibriam  depends  upon  the  value  of  E,  the  latter  must  be  sufficiently  great 
to  enable  n,  to  be  as  large  as  possible.  The  greatest  theoretical  value  which  E 
could  have  must  be  that  which  it  would  possess  when  nj  =  n,  in  which  case  we 
get 

E 
0,  =  -.    or,    E  =  0,r. 

As  it  is  only  possible  to  adjust  E  by  variations  of  1  cell,  we  must  take  care 
that  its  actual  value  is  less  rather  than  greater  than  0,  r,  otherwise  it  would  be 
impossible  to  obtain  equilibrium. 

It  is  also  necessary  that  the  figure  of  merit  (page  85)  of  the  galvanometer  be 
sufficiently  hi^h  to  enable  a  perceptible  movement  of  the  needle  to  be  obtained 
when  the  slider  is  moved  a  readable  distance,  8,  from  the  position  of  exact 
balance.  If  we  suppose  the  slider  to  be  at  D  when  equilibrium  is  produced,  then 
the  electromotive  force  which  would  tend  to  send  a  current  through  the  galva- 
nometer, supposing  the  slider  to  be  displaced  a  distance  8,  would  be 

E  X  — » 

consequently  the  current  c\  passing  through  the  galvanometer,  will  be 

E8       C,r8 
G  n,        iin 

if,  therefore,  we  require  to  adjust  the  slider  to  an  accuracy  of  8,  the  figure  of 

£8 
merit  e*  of  the  galvanometer  must  not  be  less  than  p—   • 

The  percentage  of  accuracy,  \\  with  which  Cj  can  be  obtained  must 
obviously  be 

1008 
\  =  -z— » 
**» 
or  since 

_        En  En 

therefore 


,  _  100  Cjj;^ 
^  "      E"«     • 
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For  example. 

It  being  required  to  mMiuie  the  •trength,  C|,  of  a  current  whose  approxi- 
mate Talne  is  1*5  amperes,  a  galvanometer  of  500  ohms  vesiatanoe  (6),  whose 
tgwn  of  merit  ia  '000001  (<;'),  is  proposed  to  be  employed  for  the  purpose.  The 
resistance  of  the  whole  length  of  the  slide  wire,  which  is  divided  into  1000 
divisions  (n\  is  1  ohm  (r) :  the  position  of  the  slider  can  be  read  to  an  aocnrscy 
of  }  a  division  (8).  What  is  the  hifchest  value  that  conld  be  given  to  £?  also 
to  what  percentage  of  aoonraoy  oonld  0,  be  determined,  and  what  shonld  be  the 
flgnre  of  merit  of  the  galvsnometer  in  order  that  this  percentage  of  accuracy  may 
be  attained? 

E  =  l*5x  1  =1*5  volts; 

therefore  we  cannot  make  E  greater  than,  say,  1  Dantell  cell  (1  volt  approxi- 
mately). 

Percentage  of  accnraoy  =: .^^ »  '075  per  cent 

To  enable  this  peroentsge  of  accnraoy  to  be  obtained,  the  figure  of  merit  (r  ) 
of  the  galvanometer  must  not  be  less  than 

the  figure  of  merit,  therefore,  of  the  galvanometer  in  question  is  sufficient  for  the 
required  purpose. 

To  sum  up,  then,  we  have 

Best  Conditions  for  making  the  Test, 

S88.  Make  E  the  nearest  possible  yalue  below  Cj  r. 

The  fi^re  of  merit  of  the  galvanometer  should  not  be  less 

Gn 

Possible  Degree  of  Accuracy  attainable. 

Percentage  of  accuracy  =  —  t;,    —  • 

111  n 


Siemens'  Elkctro-Dtnamometkr. 

389.  This  apparatus,  although  it  can  be  used  for  measuring 
ordinary  powerful  currents,  yet  has  the  special  advantage  that  it 
enables  rapidly  alternating  currents  to  be  measured ;  such  currents 
would  give  no  indications  on  an  ordinary  galvanometer. 

The  principle  of  the  electro-dynamometer  is  based  upon  the 
mutual  action  of  currents  upon  one  another,  i.e.  upon  the  fact  that 
currents  in  the  same  direction  attract,  and  in  opposite  directions 
repel,  one  another.     Fig.  164  shows  how  the  principle  is  applied. 

A  B  C  D  is  a  fixed  wire  rectangle,  and  ab  c  d%  smaUer  one, 
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suspended  by  a  thread,  <,  within  the  larger,  so  that  it  can  turn 
freely  about  ittt  axis ;  the  planes  of  the  two  are  at  right  angles 
to  each  other.  Now,  if  the  two  rectangles  be  oonnected  together 
in  the  way  shown,  then  a  current  entering  at  W^,  and  passing 
out  at  Wj,  will  traverse  the  two,  and  the  cuirent  passing  from 
B  to  C  will  attract  the  current  passing  from  a  to  d,  and  will  repel 
the  current  passing  from  c  to  &.  A  similar  action  takes  place  with 
reference  to  the  current  passing  from  D  to  A,  consequently  the 
smaller  rectangle,  under  the  influence 
of  the  forces,  will  tend  to  turn  about 
its  axis,  in  the  direction  in  which  the 
hands  of  a  watch  rotate.  If  the  cur- 
rent enters  at  Wj,  and  leaves  at  Wj, 
then,  inasmuch  as  the  directions  of  all 
the  currents  in  the  wire»  are  reversed, 
the  small  rectangle  must  still  tend  to 
turn  in  the  direction  indicated.  If 
one  or  both  of  the  rectangle*  consist 
of  several  turns  of  wire,  the  turning 
effect  for  a  given  current  will  be 
proportionately  increased* 

As  the  turning  effect  on  the  coil 
is  produced  by  the  action  of  the 
current  through  the  fixed  coil  acting 
on  the  current  thromgh  the  movable 
coil,  and  as  the  two  coils  are  in  the  same  circuity  it  follo^ts  that 
if  the  current  passing  through  the  fixed  coil  is  dourbled,  then  the 
current  passing  through  tlie  BKivable  coil  is  also  doubled,  con- 
sequently we  have  one  doubled  current  acting  upon  another 
doubled  current,  and  therefore  we  must  have  a  qifadruple  deflective 
effect— in  other  words,  the  deflective  force  tending  to  turn  the 
movable  coil  will  vary  as  the  sqttare  of  the  current.  The  way  in 
which  this  principle  i«  utilised  will  be  best  understood  by  reference 
to  Fig.  165  (page  364)  which  shows  a  general  view  of  the  Siemens 
Dynamometer. 

The  apparatus  consists  of  a  rectangle  of  wi»e  hirng  from  a  fi[bre 
whose  upper  end  is  fixed  tc  a  thumb-screw ;  the  latter  is  provided 
with  a  pointer  which  can  be  nooved  round  a  graduiated  dial ;  one 
end  of  a  spiral  spring  is  also  attached  to  the  rectangle,  the  other 
end  being  fixed  to  the  thumb-screw.  In  this  arrangement  the 
number  of  degrees  to  which  the  pointer  is  directed  evidently  in- 
dicates the  amount  of  torsion  given  to  the  spiral  spring.  To  the 
rectangle  also  is  fixed  a  pointer,  the  end  of  which  just  laps  over 
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Fig.  105. 
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the  edge  of  the  graduated  dial.  The  rectaDgle  encircles  a  coil  con- 
BistiDg  of  several  turns  of  thick,  and  a  larger  number  of  turns  of 
thin,  wire ;  the  two  ends  of  the  thick  wire  are  connected  to  tei- 
minals  2  and  3,  and  the  two  ends  of  the  thin  wire  to  terminals 
1  and  3.  Connection  is  made  between  the  rectangle  and  the  wire 
coils  by  mercury  cups,  into  which  dip  the  ends  of  the  wire  forming 
the  rectangle.  The  base-board  has  three  levelling  screws;  the 
level  consists  simply  of  a  SDiall  pointed  weight  hung  at  the  end  of 
a  rod  (seen  on  the  right  of  the  figure),  the  pointed  end  hangs 
exactly  over  a  fixed  point  when  the  instrument  is  level. 

390.  The  method  of  using  the  instrument  is  as  follows : — llie 
wires  leading  the  current  whose  strength  is  to  be  determined  are 
connected  to  terminals  1  and  8,  or  2  and  3,  according  as  a  strong 
or  weak  current  has  to  be  measured*  The  current  deflects  the 
rectangle ;  the  thumb-screw  is  now  turned  in  the  reverse  direction 
to  that  in  which  the  rectangle  has  turned,  and  torsion  being  thereby 
put  on  the  spiral  spring  the  rectangle  is  forcibly  brought  back 
towards  its  normal  position— that  is,  at  right  angles  to  the  coils, 
or  to  the  position  at  which  the  pointer  attached  to  the  rectangle 
stands  at  zero  on  the  scale.  The  number  of  degrees  of  torsion 
given  to  the  spiral  spring  being  then  read  ofi^,  the  strength  of  the 
current  is  found  by  reference  to  a  table  supplied  with  each  instru- 
ment. To  construct  this  table  a  current  of  a  known  strength  is 
sent  through  the  instrument,  and  then  the  degree  of  torsion 
required  to  bring  the  rectangle  back  to  zero  is  carefully  noted. 
This  being  done,  the  currents  corresponding  to  other  degrees  of 
torsion  are  easily  calculated.  The  force  of  torsion  varies  directly 
as  the  number  of  degrees  through  which  the  spiral  spring  is 
twisted,  whilst,  as  has  been  before  explained,  the  deflective  effect 
of  the  current  varies  directly  as  the  square  of  the  latter.  In  other 
words,  if  4>°  be  the  number  of  degrees  of  torsion  required  to  brinpj 
the  rectangle  back  to  zero  when  it  is  traversed  by  a  current  of  C 
amperes,  then  if  C^  be  the  current  which  will  correspond  to  any 
other  degree  of  torsion  <^i°,  we  have 

or  


«.=N/*i?- 


For  exatnple. 

If  180°  (<^^)  of  torsion  were  required  to  bring  the  rectangle 
back  to  zero  when  it  was  traversed  by  47*67   (C)  amperes  of 
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cnrrent,  what  ourrent  (Ci)  would  be  represented  by  80°  {4>°)  of 
torsion  ? 

/80  X  47-6  X  47-5       ^,   ^  . 

^*  ^  V 180 ^  amperes- 

391.  Like  galvanometers,  the  Siemens  electro-dynamometer  is 
not  susoeptible  of  great  aocnracy  when  the  readings  are  very 
low ;  in  fact,  the  higher  the  readings  are,  the  more  accurate  are 
the  results  obtainable.  Thus,  for  example,  S**  of  torsion  of  the 
spring  represents  a  current  (in  the  instrument  (No.  1009)  shown 
by  Fig.  166)  of  7-93  ampJres,  whilst  6°  more,  that  is  10''  in  all, 
represents  a  current  of  11*23  amperes.  In  other  words,  a  range 
of  5°  of  torsion  only,  represents  a  difference  in  the  current  of 

(11-23- 7-93)100  ^         .. 

-—  Q—      —  per  cent.  =  42  per  cent. 

7  *  uo 

If,  however,  the  current  had  been  66*38  amperes,  which  corre- 
sponds to  a  torsion  of  350°,  then  5°  more  of  torsion,  or  355°  in 
all,  represents  a  current  of  66*86  amperes,  consequently  the 
range  of  5°  of  torsion  in  this  case  represents  a  difference  in  the 
current  of 

(66-86-66-38)100 


66-38 


per  cent.  =  •  72  per  cent. ; 


and  a  greater  degree  of  torsion  would  have  rendered  the  error  still 
less. 

£very  instrument  is  supplied  with  a  table  which  shows  the 
current  strengths  corresponding  to  various  angles  of  torsion; 
practically  this  table  is  different  for  every  instrument,  as  it  is 
almost  impossible  (nor  is  it  necessary)  to  make  two  dynamometers 
alike.  The  table  supplied  with  the  instrument  shown  by  Fig.  165 
(No.  1009)  is  calculated  so  that  the  latter  can  theoretically 
be  used  for  measuring  currents  varying  from  1*05  to  66*86 
amperes  in  strength.  The  thin  wire  coil  is  to  be  employed  when 
currents  of  from  1-05  to  19-87  amperes  are  to  be  measured,  and 
the  thick  wire  coil  for  currents  of  from  3  -  54  to  66  *  86.  The  num- 
bers of  degrees  of  torsion  representing  various  currents  are  all 
multiples  of  5;  thus  the  first  calculation  on  the  table  (thick 
wire  coil)  is  1°,  which  represents  3*5  amperes  of  current;  the 
next  is  5°,  representing  7  *  93  amperes ;  the  next,  10%  representing 
11*^8  amperes;  and  so  on.  Practically  the  instrument  cannot 
well  be  adjusted  to  a  closer  degree  of  accuracy  than  5°. 

The  thin  wire  coil,  having  about  three  times  the  magnetic 
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efft;ct  of  the  thick  one,  requires,  for  a  definite  current,  that  the 
number  of  degrees  of  torbion  to  bring  the  needle  back  to  zero 
be  about  three  times  that  which  is  required  in  the  case  of  the 
thick  coil ;  in  other  words,  with  the  thin  wire  coil  we  can  practi- 
cally measure  currents  to  about  three  times  the  degree  of  accuracy 
which  is  possible  with  the  thick  coil;  but,  on  the  other  hand, 
the  highest  cuiTent  which  we  can  practically  measure  with  the 
thin  coil  is  about  one-third  only  of  the  highest  current  which  can 
be  measured  with  the  thick  coU. 

The  lowest  current  which  can  be  measured  consistent  with 
a  degree  of  accuracy  equal  to  10  per  cent,  is  6*76,  for  the  next 
current  below  this  on  the  table  is  5 '  25,  and  therefore  we  have 

(6-76 -0-25)  100  .       ,^  1 

'    per  cent.  =  10  per  cent,  nearly. 

If  we  require  to  be  accurate  within  1  per  cent.,  then  the  lowest 
cuiTent  we  could  measure  would  be  16*77,  as  the  next  current 
below  this  on  the  table  is  16*20,  and  we  therefore  have 

(16*77-16*60)100  ,       ,  ,  , 

-— — per  cent.  =  1  per  cent,  nearly. 

16*70  r  r  J 

Since  the  percentage  of  accuracy  is  equal  to 

where  C  is  a  particular  current,  and  C^,  the  current  next  below  it 
on  the  table,  and  since 

where  ^  and  <^i°  are  the  degrees  of  torsion  corresponding  to  the 
currents  C,  Ci,  therefore 

Percentage  of  accuracy  =  (  \/t-o  —  1 )  1^0 ; 

and  as  the  smallest  difference  to  which  we  can  practically  read  is 
5°,  therefore 


Therefore 


/  ZrA  °  -4-  'i'^  \ 

Percentage  of  accuracy  =  \\J  - '  .  o 1 )  100  =  X'  say. 
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therefore 


therefore 

1  + 

5^   _      ^'^      ,11^'. 
<^,°        10,000  "^     "^  50' 

5^           \'^           V 
fp,""  ~  10,000"^  50' 

or, 

o          50,000 

which  shows  the  smallest  number  of  degrees  oF  torsion  which 
must  be  given  to  the  spiral  spring  when  measuring  a  cnrrent,  in 
order  that  the  latter  may  be  measured  to  an  accuracy  of  k'  per 
cent. 

Far  example. 

It  was  required  to  be  able  to  measure  currents  of  10  amperes 
and  upwards  to  an  accuracy  of  1  per  cent.,  by  means  of  an  el«H5tro- 
dynamometer;  how  many  degrees  of  torsion  would  the  spiral 
spring  be  required  to  make  ? 

50,000^^ 
^'        1  +  200  ' 

showing  that  the  electro-dynamometer  must  be  so  constructed  that 
when  currents  of  10  amperes  and  upwards  have  to  be  measured, 
not  less  than  248°  of  torsion  have  to  be  given  to  the  spiral  spring 
in  oi-der  to  bring  the  needle  back  to  zero. 

392.  From  the  construction  and  principle  of  the  electro- 
dynamometer  it  must  be  evident  that  the  accuracy  of  the  absolute 
resTilts  obtained  by  its  means  must  depend  entirely  upon  the  tor- 
sion of  the  spiral  spring  remaining  constant.  It  seems  possible 
that  change  of  temperature  and  frequent  use  might  alter  the  value 
of  the  torsion,  but  this  is  stated  not  to  be  the  case.  The  instru- 
ment might  probably  be  made  of  more  value  if  its  ooil  were 
composed  of  a  large  number  of  turns  of  thin  wire,  shunted  by  a 
thick  wire  shunt.  The  latter  would  be  used  when  measuring  the 
strong  currents,  whilst  the  correctness  of  the  instrument  could  be 
verified  by  sending  a  comparatively  weak  current  through  the 
unshunted  ooil.  It  is  not  often  that  powerful  currents  of  an 
accurately  known  value  can  be  had  for  the  purpose  of  verifying 
the  correctness  of  an  instrument,  though  weaker  currents  are 
almost  always  obtainable. 
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MEASUBEMENT  OF  ELEGTBOSTATIC  CAFACITY.' 

Direct  Deflection  Method. 

393.  The  simplest  waj-  of  iDeasuring  electrostatic  or  inductive 
capacities  is,  with  the  same  battery  power,  to  compare  the  dis- 
charges from  the  unknown  capacities  with  the  discharge  from 
a  condenser  of  a  known  capacity ;  thus  we  note  the  discharge 
deflection  a  given  by  the  standard  condenser  F,  and  then  the 
discharges  a„  a,,  &c.,  given  by  the  cables  or  condensers  whose 
capacities  F,,  Fj,  &c.,  are  required,  in  which  case 

F  :  Fi  :  F2  ii  0,  i  a^  i  a^* 
Far  example, 

A  standard  condenser  had  a  capacity  of  ^  microfarad,  and  gave 
a  discharge  deflection  of  300,  and  two  other  cables  or  condensers, 
Fi,  Fj,  gave  discharge  deflections  of  225  and  180  respectively, 
then 

i  :  Fi  :  Fa  : :  300  :  225  :  180 ; 
that  is, 

225 
Fi  =  i  .  ^  =  i  microfarad, 

and 

^  ^  ^  •  300  "^  *  microfarad. 


If  we  use  shunts  and  obtain  the  same  deflection,  then 
i:F,;F,:: 


G  +  S^Q  +  Sj.G  +  Sa 


S     •     Si 

394.  In  measuring  the  electrostatic  capacity  of  a  cable  by  this 
method,  the  connections  for  measuring  the  discharge  from  the 
cable  would  be  made  in  the  manner  shown  by  Fig.  166  (page  360). 
The  arrangements  for  measuring  the  discharge  from  the  condenser 
would  be  those  indicated  by  Fig,  142  (page  313). 
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Theiiy  as  before,  the  capacity  of  the  cable  will  be  to  the 
capacity  of  the  condenser,  as  the  discharge  deflection  of  the  one  is 
to  the  discharge  deflection  of  the  other,  or  obtaining  the  same 
deflection  by  means  of  shunts,  as  the  multiplying  power  of  the 
shunts. 


^# 


J 


396.  The  capacity  per  mile  will  be  the  result  divided  by  the 
mileage  of  the  cable, 

396.  When  a  number  of  capacities  of  about  the  same  value 
have  to  be  measured,  as,*  for  instance,  the  capacities  of  two-knot 
lengths  of  cable  core,  a  device  may  be  adopted  which  considerably 
simplifies  the  operation.  Let  F  be  the  capacity  of  the  standard 
condenser  wboise  discharge  is  D  divisions,  and  let/  be  the  capacity 
of  one  of  the  lengths  of  cable,  and  d  the  discharge  from  the  same. 
Then  we  have 

F:/::D:d, 
or 

Fd 


/=D 


F 


Now  if  we  make  --r  a  submultipla  of  10,  then  the  value  of  S, 
read  off  from  the  scale  will  give  at  once  the  value  of  /.     Thus  if 
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F  were  a  condenser  of  ^  microfarad  capacity,  and  we  so  adjusted 
the  galvanometer  that  this  capacity  gave  a  discharge  deflection  of 
a  little  over  333  divisions,  then  we  should  have 

/=   *^    -     ^    - 


333^       1000 ' 

so  that  if  the  di^charge  deflection  reading  from  the  cable  consisted 
of  three  figures,  a  decimal  point  put  before  the  latter  would  give 
at  once  the  capacity  of  the  cable ;  or  if  the  reading  consisted  of 
two  figures,  then  we  must  put  a  decimal  point  and  a  cypher.  In 
the  same  way,  if  we  had  a  condenser  of  1  microfarad  capacity,  we 
should  adjust  the  galvanometer  so  as  to  obtain  a  deflection  of  100 
divisions,  for  then 

•^  ■"  100  "^  100 ' 


Siemens'  Loss  of  Charge  Discharge  Method. 

397.  The  principle  of  this  method  of  measurement  is  that  of 
observing  the  rate  at  which  the  charged  condenser  or  cable,  whose 
capacity  is  required,  discharges  itself  through  a  known  resistance, 
and  calculating  the  capacity  from  a  formula  which  we  will  now 
consider. 

The  elements  with  which  we  have  to  deal  are:  capacity 
(farad),  resistance  (ohm),  quantity  (coulomb),  time  (second),  and 
potential  (volt). 

Let  us  suppose  the  cable  or  condenser  has  an  electrostatic 
capacity  of  F  farads,  and  is  charged  to  a  potential  of  V  volts,  so 
that  it  contains  Q  coulombs  (equal  to  Y  F)  of  electricity,  and  is 
discharging  itself  through  a  resistance  of  K  ohms  during  one 
second. 

The  quantity  of  electricity  in  the  condenser  or  cable  at  starting 
is  Q  coulombs. 

If  now  we  take  a  very  short  interval  of  time  /,  we  may  con- 
sider the  discharge,  which  really  varies  continually,  to  flow 
throughout  that  time  <,  at  the  same  rate  as  it  had  at  the  com- 
mencement ;  and  the  smaller  t  is  taken,  the  more  accurate  will  be 
the  result. 

Thus,  since  the  quantity  escaping  is  directly  proportional  to 
the  potential  driving  it  out,  and  to  the  time  during  which  the 
escape  occurs,  and  inversely  proportional  to  the  resistance  through 
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which  the  eecape  takes  plaoe,  the  quantity  escaping  will  vary  as 

-=- ;  that  is  it  equals  ^5-  K, 

where  K  is  a  constant  to  be  determined. 

Now  the  units  are  so  made  that  a  condenser  of  1  farad  electro- 
static capacity  charged  to  a  potential  of  1  volt,  that  is,  containing 
1  ooulomb  of  electricity,  will  commence  to  discharge  itself  through 
a  resistance  of  1  ohm,  at  the  rate  of  1  ooulomb  per  second.  That 
is  to  say, 

1  =  ^-^  K,     therefore,     K  =  1. 

The  quantity  escaping  during  the  interval  of  time  t  in  our 
problem  is  therefore 

The  quantity  remaining  in  the  oondenser  will  be 

^       B       ^       PR       ^V        PR/ 

Again,  since  this  is  the  quantity  at  the  oommenoement  of  the 
second  interval,  that  at  the  end  will  be 

[«('-n)][(>-n)]-«(-i^)'. 

and  that  at  the  end  of  the  nth  interval  will  be 

Let  these  n  intervals  of  t  seconds  equal  T,  so  that  n  <  ==  T. 

Now  we  have  seen  that  the  smaller  t  is,  the  more  accurate  will 
our  results  be.  Let  us  therefore  make  t  infinitely  small,  and  n 
infinitely  great,  so  that  n  i  still  =  T,  we  shall  then  get  a  perfectly 
accurate  result,  and  the  amount  remaining  at  the  end  of  time  T 
will  be 

'  =  «('-,-|b)" 

where  n  =  00  . 

To  evaluate  g  put 

T     _  _  1 
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BO  that 

05  =  00  when  n  =  oo  ; 
then 

r_ 

"if  K 


,=.Q[(.+i)-]- 


when  a;  =r  00  ;  but  when  this  is  the  case  the  expression  within  the 
square  brackets  is  known  to  be  equal  to  6,*  thus 


therefore 
therefore 

but 


T 

!=•""• 


T       .     Q 


F  =  ^ 


Elog.|' 


Q      VF 

q  ^  vF  "  V 


where  t;  is  the  value  of  the  potential  corresponding  to  the  value  q 
of  the  quantity,  thus 

T  T 


F  = 


Elog.-      2-303  R  log- 

V  V 


where,  as  stated  at  first,  T  is  measured,  in  seconds,  F  in  farads, 
and  R  in  ohms. 

.  Since  Y  and  v  now  appear  in  the  form  of  a  proportion,  the  unit 
in  which  they  are  measured  is  immaterial,  although  they  were 
measured  at  the  outset  in  volts. 

In  practice  B  is  usually  measured  in  megohms  (1,000,000  ohms), 
and  consequently  F  will,  in  such  a  case,  be  measured  in  microfarads 

(ilooU  ^*«^)- 

For  example. 

A  fully  charged  condenser  gave  a  discharge  deflection  of  300 
divisions  (V);  after  being  recharged  and  allowed  to  discharge 

*  Todhunter'B  Algebra,  fifth  edition,  Chapter  XXXIX. 
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itself  through  a  reBiBtanoe  of  500  megohms  for  60  seoondB  (T),  the 
discharge  deflection  obtained  was  200  divisions  (v).  What  was 
the  capacity  of  the  condenser  ? 

60 
F  = -  =  '295  microfarads. 

2-303x500  log  — 

398.  In  executing  thu  test  it  is  adTantftgeons  to  make  Y  and  •«  bear  a  certain 
proportion  to  one  another,  for  this  will  cause  any  small  error  in  reading  the 
value  of  V  to  produce  as  small  an  error  as  possible  in  the  value  of  F  when 
the  latter  is  worked  out  from  the  formula.    This  may  be  proved  thus : — 

Let  us  assume  B  to  be  constant,  and  let  there  be  an  error  \  in  F  caused  by 
an  error  S|  in  v  and  an  error  S,  in  V,  the  error  9,  being  plus  and  9,  minus,  so  that 
the  total  resulting  error  is  as  great  as  possible ;  we  then  haye 

T  T 

F  +  X  = y-—^ »  or,  A  =  V  -  5  "  -^ 

but 

T  T  V 

Blog,-         ^  • 

V 


therefore 


>('+j)-'*('-^) 


but  if  Bi  and  S,  are  very  small,*  we  get 

,i-(-v-) 


A  =  F 


V 

lor- 


If  the  deflections  are  taken  on  a  Thomson  galvanometer  (as  would  practically 
be  always  the  case),  then  ^i  =  S,,  so  that  we  get 


I 

A=F 


■■(ini) 


log*  - 

V 


*  Todhw^ter's  Trigonometry,  third  edition.  Chapter  XII. 
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The  value  of  v,  which  makea  \  a  minimum,  may  be  determined  in  the 
following  manner: — 

To  make  \  a  minimum  we  must  make 


log.- 

i       1 

a  maximum. 

Let  the  above  expression  equal 

u,  and  let 

V 

r  =  -t 
n 

we  then  get 

tt 

,,loj?  n 
=  ^n+I* 

theb 

at  a  maximum ;  therefore 

,  «+  1 

log.  n  =  — ^  -, 

or 

log  n=('^) -4343. 

The  solution  of  this  equation  is  best  effected  by  the  *'  trial  "  method,  viz.  by 
giving  n  various  values  until  one  is  found  which  approximately  satisfies  the 
equation.    If  we  make  n  =  3*59,  we  get 


/3*59  4-  1\ 
•55509  =  i^-  3.59—)  '4?43  =  '35527, 


whicli  is  sufficiently  close  for  the  purpose. 
We  have,  therefore, 

V        V 

V 

so  that  practically  we  may  say — make  v  s  oTc* 

V 

We  need  not  be  particular,  however,  about  making  v  exacU^  equal  *<>  g.-g» 

an  we  could  make  it  50  per  cent  greater  or  less  than  this  value  without  materially 
increasing  x.    If  the  rate  of  fall  were  comparatively  quick,  there  would  be  a 

V 

positive  advantage  in  making  v  less  than  ^^,  as  the  gpreater  we  make  T  the 

less  will  any  small  error  in  its  value  affect  the  correctness  of  F,  as  must  be  self- 
evident. 

Now,  if  R  is  adjustable,  it  is  clear  that  by  making  it  large  enough,  we  cuuM 
make  T  large  without  reducing  v  too  much.  In  the  case  of  a  cable,  R,  being  the 
insulation  resistance,  is  of  course  a  fixed  quantity ;  but  when  the  measurement  is 
being  made  with  a  condenser,  any  value  may  be  given  to  R  that  is  considered 
convenient.    We  therefore  have 
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Be9t  CkmdUionifcT  making  the  Tat. 

Y 
899.  Make  v  as  nearly  as  possible  equal  to  ^— •    Wheli  it  is 

possible  to  adjust  R,  make  the  latter  as  high  as  convenient. 


Po$iible  Degree  of  Accuracy  altainahle. 

PercenUge  of  accuracy  =  P  l^^iVtJa). 

2-303  clog  — 

If  the  deflections  are  read  on  a  Thomson  galvanometer  (as 
would  usually  be  the  case)  then 

200  S 
Percentage  of  accuracy  =  P • 

2-303  clog- 
where  S  is  the  fraction  of  a  division  to  which  each  of  the  deflec- 
tions V  and  V  can  be  read. 

400.  When  it  is  an  ordinary  condenser  (whose  insulation  re- 
sistance would  practically  be  infinite)  thafc  is  to  be  measured,  the 
connections  would  be  the  same  as  those  given  in  Pig.  ^2,  page 
313,  with  the  addition  of  the  resistance,  which  would  be  inserted 
between  the  terminals  of  the  condenser. 

The  instantaneous  discharge  (V)  can  be  taken  without  remov- 
ing the  resistance ;  for,  since  the  latter  would  be  extremely  high, 
there  would  be  no  time  for  any  of  the  charge  to  have  leaked  out 
through  it  during  the  small  interval  occupied  by  the  lever  of  the 
key  in  passing  from  the  bottom  to  the  top  contact.  To  take  the 
discharge  after  the  interval  of  time,  having  charged  the  condenser 
by  pressing  down  the  lever  of  the  discharge  key  (Fig.  142,  page 
313),  we  should  depress  the  ** Insulate"  trigger,  which  would  take 
the  battery  off  but  not  discharge  the  condenser ;  then,  after  the 
noted  interval  of  time,  we  should  depress  the  "  Discharge  "  trigger, 
which  would  allow  the  charge  remaining  to  flow  out,  tlie  deflection 
obtained  from  which  gives  us  v. 

401.  To  measure  the  capacity  of  a  cable  by  this  method,  the 
connections  would  have  to  be  those  given  in  Fig.  166,  page  360, 
and  the  way  of  making  the  test  would  be  the  same  as  has  just  been 
explained.  R  in  this  case  would  be  the  insulation  resistance  of 
the  cable,  which  in  this  and  the  following  method  would  have  to 
be  determined  beforehand  in  the  manner  described  in  Chapter  XY. 
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Inasmuch  as  R  in  a  cable  is  a  variable  quantity  and  is  de- 
pendent upon  the  time  a  charge  is  kept  in  the  cable,  a  mean 
value  only  can  be  given  to  it,  and  therefore  this  and  the  following 
test  can  only  give  the  value  of  F  approximately. 

Siemens'  Loss  of  Charge  Deflection  Method. 

402.  If  the  two  terminals  cf  a  condenser  are  connected  by  a 
high  resistance  in  the  circuit  of  which  a  galvanometer  is  placed, 
and  if  the  two  terminals  be  also  connected  to  a  battery,  then  the 
condenser  will  become  charged  up,  and  the  permanent  deflection 
obtained  on  the  gHlvanometer  will  represent  the  potential  of  the 
charge.  If  now  the  batterj^  be  taken  off,  a  current  will  flow  from 
the  condenser  through  the  resistance  and  the  galvanomet'Or,  which 
current  will  continually  decrease  in  strength  as  the  condemser 
empties  itself.  But  the  current  flowing  at  any  particular  moment 
will  be  represented  by  the  deflection  obtained  at  that  moment,  and 
this  deflection  will  be  the  same  as  that  which  would  be  obtained 
if  the  condenser  were  kept  continuously  charged  to  the  potential 
it  had  at  that  moment. 

The  deflection  obtained  therefore  on  the  galvanometer  when 
the  battery  is  connected  to  the  condenser,  indicates  the  potential 
which  th^  latter  has  when  fully  charged,  and  the  deflection  after 
any  interval  of  time  after  the  battery  has  been  taken  off,  indicates 
the  potential  of  the  charge  remaining;  the  capacity  therefore  is 
given  by  the  formula 

F=       --'T-  m.f.,  [A] 

2-303  K  log  ^ 

in  which  D  is  the  deflection  obtained  when  the  battery  is  on,  and 
d  the  deflection  obtained  after  T  seconds,  the  battery  being  off 
during  that  time.  B  is  the  resistance  in  megohms  through  which 
the  charge  flows. 

It  may  be  remarked  that  the  deflection  obtained  when  the 
battery  is  on  is  not  affected  by  the  presence  of  the  condenser ;  it 
would  be  the  same  whether  the  condenser  were  connected  or  not. 

403.  The  connections  for  making  a  test  of  this  kind  would  be 
as  follows: — Referring  to  Fig.  166,  page  360,  the  terminal  of  E^ 
which  is  connected  to  the  top  contact  of  E,,  should  in  the  present 
case  be  connected  through  the  resistance  B  to  terminal  A  of  the 
condenser ;  the  other  connections  remain  the  same. 

404.  In  the  case  of  a  cable  where  the  flowing  out  of  the  charge 
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takes  place  through  the  insulating  sheathing,  a  galvanometer 
cannot  be  put  in  the  circuit  of  the  flow.  To  enable  the  fall  of 
charge  to  be  observed,  therefore,  a  high  resistance  in  circuit  with 
the  galvanometer  is  connected  to  the  cable,  and  through  this 
resistance  a  part  of  the  charge  passes.  Ar  it  is  only  the  rate  at 
which  the  fall  takes  place  that  is  required,  it  is  quite  bufficient,  in 
order  to  observe  this  fall,  that  a  part  only  of  the  charge  be  allowed 
to  flow  through  the  galvanometer. 

If  we  call  B|  the  insulation  resistance  of  the  cable,  and  R,  the 
resistance  connected  to  it,  then  the  total  resistance  through  which 
the  charge  flows  will  be 

Ri  +  K 

This  quantity  must  be  substituted  in  the  place  of  R  in  equation 
[A],  so  that  we  have 

The  resistance  R,,  it  may  be  remarked,  includes  the  resistance 
of  the  galvanometer. 

As  in  the  first  test,  it  is  necessary  that  R,,  through  which  the 
discharge  has  to  pass,  be  sufficiently  great  to  prevent  the  flow 
from  being  too  rapid* 

For  example. 

A  cable  30  knots  in  length  being  connected  urp,  for  making  the 
test  just  described,  with  a  galvanometer,  aild  a  resistance  R,,  of 
4  megohms,  the  deflection  obtained  was  300  divisions  (D).  On 
taking  off  the  battery  the  deflection  after  30  seconds  (T)  fell  to 
100  divisions  (d) ;  the  mean  insulation  resistance  R^  of  the  cable 
was  10  megohms.  What  was  the  electrostatic  capacity  (P)  of 
the  cable? 

F=: - =  9-55m.f. 

^  «^..       1(>  X  4  ,       300 

2-3^»><  10+1  ^"S  105 


or 


30 


-  =  'SIS  m.f.  per  knot. 


40j.    The    connections    for   making    this    te^t    would    be    as 
follows: — Referring  to  Fig.  166,  page  360,  the  terminal  of  key 
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E|,  instead  of  being  connected  to  the  top  contact  of  the  discharge 
key,  would  in  the  present  case  be  connected  to  the  cable  through 
the  resistance  B,. 

406.  A  great  advantage  which  this  test  possesses  over  the  first 
method  (page  359)  lies  in  the  fact  that  it  is  correct  either  for 
long  or  short  cables.  Discharge  deflections  from  long  cables  do 
not  correctly  represent  their  capacity,  in  consequence  of  a  retarda- 
tion which  takes  place  in  them  and  which  causes  the  deflection 
of  the  galvanometer  needle  to  be  less  than  it  would  be  if  this 
retardation  did  not  exist.  By  adopting  the  fall  of  deflection  plan 
we  avoid  this  cause  of  error ;  but  as  we  pointed  out  at  the  conclu- 
sion of  the  last  test,  since  B^  can  only  have  a  mean  value,  the  value 
of  F  obtained  from  the  formula  will  only  be  approximate. 


Thomson's  Method. 

407.  This  ifi  a  very  good  method,  and  it  can  be  applied  to  long 
cables,  &c.,  with  very  accurate  results. 

The  following  is  its  principle : — 

If  we  have  two  condensers  containing  equal  charges  of  opposite 
potentials,  and  we  connect  the  two  together,  the  two  charges  will 
combine  and  annul  one  another,  and  if  we  then  connect  the  two 
condensers,  so  joined,  to  a  galvanometer,  no  deflection  will  be 
produced,  there  being  no  charge  left  in  either  of  the  two.  If, 
however,  the  charge  in  one  condenser  exceeds  that  in  the  other, 
then  the  union  of  the  two  condensers  will  not  entirely  annul  their 
charges,  but  an  amount  will  remain  equal  to  the  difference  of  the 
two  quantities.  This  quantity  will  deflect  the  needle  if  the  joined 
condensers  be  now  connected  to  the  galvanometer,  the  deflection 
being  to  the  right  or  left,  according  as  the  charge  in  the  one  or 
other  of  the  condensers  had  the  preponderance  in  the  first  instance. 

If  then  we  know  the  capacity  of  one  condenser,  and  we  so 
adjust  the  potentials  of  the  two  that  no  charge  remains  when  they 
are  joined  together,  we  can  determine  the  capacity  of  the  other 
condenser. 

Let  Qi  and  Q2  be  the  charges  in  each ;  then 

Qi  :  Qa  :  :  V,  F,  :  V,  F3, 

where  F^  and  F^  are  the  capacities  of  the  two,  and  V^  and  V,  the 
potential  of  their  charges. 
When  Qi  =  Q,  then 

V,  T,  =  V,  F„ 

2  B 
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or 

408.  An  important  element  in  this  test  is  the  adjnstment  of 
the  potentials  Yj  and  T,.  Fig.  167  shows  a  method  of  making 
the  test  when  it  is  a  cable  whose  capacity  has  to  be  measured. 


Q k 


^  rm  ic.  r' 


^\im^ 


Eartii 


Fio.  167. 


The  poles  of  the  battery  are  joined  together  by  two  resistanoes, 
Bi  and  R,,  oonneoted  to  earth  as  shown.  Then  the  potentials  at 
the  points  of  junction  of  the  battery  with  the  resistances  will  be 
in  the  proportion 

V,:  Va::Bi:Rj;* 
and  since 


therefore 


y 


[A] 


409.  In  making  the  test  practically,  B|  and  B3  are  first  ad- 
justed as  nearly  as  can  be  guessed  in  the  proportion  of  F,  to  F|, 
keys  ill  and  i^  ^^  ^^^  depressed  by  means  of  the  knob  K ;  this 
charges  the  cable  and  the  condenser. 

E  is  now  released  so  as  to  allow  Ic^  and  Jbj  to  come  in  contact 
with  their  upper  stops ;  as  the  two  latter  are  joined  together,  the 
cable  and  condenser  become  connected  to  each  other. 

•  Page  321. 
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Key  h  is  now  pressed,  which  allows  any  charge  which  may 
remain  uncancelled  to  be  discharged  through  the  galvanometer  G. 
If  no  deflection  is  produced,  then  R^  and  B,  are  correctly  adjusted, 
but  if  not  they  must  be  readjusted  until  no  discharge  is  obtained ; 
F^  is  then  calculated  from  the  formula. 

For  example* 

A  cable  500  knots  long  was  joined  up  with  a  condenser  of 
20  microfarads  capacity,  and  with  resistance  coils,  according  to 
Thomson's  method  of  measuring  electrostatic  capacities.  When 
Rj  and  Rj  were  adjusted  to  500  and  4400  ohms  respectively,  no 
charge  remained  in  the  cable  and  condenser  when  the  two  were 
connected  together.     What  was  the  capacity  of  the  cable  ? 

4400 

or 

176  • 

— —  =  •  352  m.f.  per  knot 

410.  Fig.  168  shows  a  very  convenient  form  of  key,  designed 
by  Mr.  Lambert,  which  enables  the  test  to  be  made  with  the 
greatest  facility.    By  pushing  forward  key  button  K  the  two  keys 


Fio.  168. 

iti,  ij  (Fig.  168)  are  depressed,  so  that  F^  and  F,  become  charged, 
and  upon  drawing  K  back,  1c^  and  Ic^  are  allowed  to  rise,  thus 
causing  the  charges  to  mix ;  finally,  by  depressing  k  the  galvano- 
meter is  brought  into  circuit. 

In  the  most  recent  form  of  this  piece  of  apparatus,  on  the 
depression  of  key  k  the  cable  F^  becomes  disconnected,  so  that 

2  B  2 
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only  the  condenser  F,  beooxnes  connected  to  the  galTanometer. 
By  this  arrangement  any  disturbing  force  which  may  canse  the 
charge  in  the  cable  to  vary  slightly,  and  consequently  to  affect 
the  galvanometer,  is  prevented  from  acting. 

411.  If  it  were  the  capacity  of  a  condenser  that  was  to  be 
measured,  then  the  connections  would  be  similar  to  those  in 
Fig.  167,  with  the  exception  that  the  points  there  put  to  earth 
would  in  the  present  case  be  connected  to  the  second  terminal 
of  the  condenser. 

The  resistances  R|  and  R,  may  be  formed  of  a  slide  resistance, 
the  slider  being  to  earth  in  the  case  of  a  cable  test,  or  connected 
to  the  second  terminal  of  the  condenser  in  the  case  of  a  condenser 
test 

412.  As  in  the  **  Direct  deflection  method  "  (page  359),  the  test 

F 

can  be  considerably  simplified  if  we  make  ^  (equation  [A],  page 

870)  a  submultiple  of  10,  for  then  the  value  of  R,  read  off  from  the 
resistance  box  will  at  once  give  the  value  of  F^.  Thus  if  F,  were 
a  condenser  of,  say,  -5  of  a  microfarad,  and  if  R^  were  5000  ohms, 
then  the  capacity  of  F,  can  be  read  off  directly  from  R,  to  four 
places  of  decimals* 

413.  When  a  long  cable  has  to  be  tested  by  this  method,  Mr.  A. 
Jamieson  recommends  that  E  be  depressed  for  five  minutes  to 
charge,  and  then  raised  for  ten  seconds  for  mixing  previous  to 
depressing  k.  It  is  also  advisable  to  take  the  mean  of  several 
tests  made  alternately  with  zinc  to  line  and  copper  to  line. 

414.  With  regard  to  the  '*  Beet  conditions  for  making  the  test " 
it  is  advisable  that  the  capacity  of  the  condenser  F,  be  as  nearly 
equal  to  F^  as  possible,  so  that  the  potentials  to  which  the  two 
have  to  be  charged  may  not  differ  to  any  very  great  extent.  For 
if  a  long  cable  has  to  be  tested,  then  inasmuch  as  the  latter  would 
have  to  be  charged  to  a  potential  of  at  least  5  Danielle  so  as  to 
swamp,  as  it  were,  any  local  charge,  the  potential  to  which  the 
condenser  (if  small)  would  have  to  be  charged  would  be  very  great ; 
this  would  be  liable  to  cause  an  error,  from  the  fact  that  with  a 
very  high  potential  a  certain  amount  of  the  charge  becomes 
absorbed,  and  this  charge  would  cause  a  deflection  of  the  galvano- 
meter needle  over  and  above  that  due  to  the  simple  inequality 
between  the  actual  free  quantities  in  the  two  capacities.  This 
abnormal  deflection  might  of  course  be  mistaken  as  being  due  to 
an  incorrect  adjustment  of  R^  and  R,.  If  F,  is  about  a  fifth  of 
Fi  it  will  not  be  too  small  for  the  purpose  of  the  test. 

The  values  given  to  R^  and  R,  should  be  as  high  as  possible  so 
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that  their  range  of  adjustment  may  be  Bnfficientlj  wide.  The 
battery  power  should  be  sufficiently  high  to  enable  a  perceptible 
discharge  deflection  to  be  obtained  when  B,  (the  larger  of  the  two 
resistances)  is  1  unit  out  of  exact  adjustment ;  this  is  best  deter- 
mined by  experiment. 
We  have  therefore 

Beat  Oonditiona  far  making  the  Test. 

415.  Make  Fj  as  nearly  equal  to  F^  as  possible. 
Make  B^  and  B,  as  high  as  possible. 

Possible  Degree  of  Accuracy  cUtainahle. 

r.  .  ^  100 

Percentage  of  accuracy  =  rg- . 


GtoTT's  Method.* 

416.  This  method  is  shown  by  Fig.  169;  it  is  executed  as 
follows : — 


Fio.  169. 


Bx  and  B,  are  first  adjusted  as  nearly  as  can  be  estimated  in 
the  proportion  of  F,  to  F^.  The  key  K  is  then  depressed  and 
clamped  down;    this  causes  both  the  cable  and  condenser  to 

♦  '  Janmal  of  the  Society  of  Telegraph-Engfineere,'  vol.  x.  p.  278.  This 
method,  although  independently  devised  by  Mr  J.  Gott.  is  practioally  identical 
with  that  of  Bir  William  Thomson  (Lord  Kelvin)  described  in  vol.  i  p.  897,  of 
the  same  Jonmal. 
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beoome  oharged,  sinoe  they  are  oonneoted  together  in  **  oasoade  " 
or  Beries.  After  an  interval  of  five  seoonds  key  k  is  depressed,  and 
if  a  deflection  is  observed  on  the  galvanometer  G,  this  key  is 
raised,  key  E  is  undamped  so  that  the  latter  is  pat  to  earth,  and 
the  condenser  is  short-circuited  by  means  of  its  plug  for  a  few 
seconds.  R^  or  R,  is  now  readjusted,  and  the  foregoing  operations 
again  gone  through.  When  finally  it  is  found  that  no  deflection 
on  the  galvanometer  is  observed  on  depressing  key  ky  then 


F,  :  F,  : :  R,  :  R^, 
or 


Fx  =  ^F,. 


It  is  obvious  that  we  must  have 


Best  ConditioM  far  milking  the  Teit. 

417.  Make  F,  as  nearly  equal  to  Fj  as  possible. 
Make  R^  and  R,  as  high  as  possible. 


PouSbU  Degree  of  Accuracy  aUainable. 

Percentage  of  accuracy  =  -^- . 

Gott's  method  is  a  very  satisfactory  one,  and  it  possesses  the 
advantage  over  that  of  Thomson  (page  369)  of  not  requiring  a 
well-insulated  battery.  The  method  is  almost  exclusively  em- 
ployed in  the  Gable  Department  of  Messrs.  Siemens'  Telegraph 
Works,  Charlton,  a  slide  resistance  of  10,000  ohms  adjustable  to 

R 

1  ohm  being  employed  to  give  the  ratio  ^. 


MuiRHEAD*8  Correction  for  Gott's  Method. 

418.  Dr.  A.  Muirhead,  who  has  had  considerable  experience 
of  the  Gott  method  of  measuring  capacities,  especially  with  refer- 
ence to  the  measurement  of  large  condensers,  points  out  that  when 
a  condenser  or  cable  which  is  subject  to  absorption  or  eleetrifieat%&» 
(page  409)  is  being  measured,  any  delay  in  obtaining  a  balance 
or  reading  on  the  slides,  causes  incorrect  results  to  be  obtained. 
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flinoe  the  effect  of  the  electrification  is  apparently  to  increase 
the  capacity,  according  to  the  time  the  electrification  is  allowed  to 
continue. 

In  order  therefore  to  obtain  the  tme  capacity  of  a  condenser 
or  cable  which  is  liable  to  this  absorption  or  electrification,  a 
correction  is  required.  To  arrive  at  this  connection  it  is  assumed 
(and  probably  correctly  so)  that  the  actual  capacity  of  the  con- 
denser or  cable  changes  as  the  current  is  kept  on,  but  that  when 
the  charging  battery  is  taken  off  the  capacity  immediately  springs 
back,  as  it  were,  to  its  true  value,  the  potential  of  the  charge 
remaining  unaltered  through  a  corresponding  portion  of  the  charge 
being  reabsorbed,  this  reabsorbed  charge  immediately  afterwards 
oozing  out. 

Assuming  the  foregoing  assumption  to  be  correct,  the  correction 
required  is  arrived  at  as  follows : — 

Balance  being  obtained  on  the  galvanometer  (Fig.  169),  let 
Vi  be  the  potential  at  the  junction  of  F^  and  F,,  that  is  at  the 
key  (k)  contact,  and  also  at  the  junction  of  B^  and  B, ;  then  the 
quantity  of  charge  in  the  condenser  F,  (in  which  no  absorption 
must  take  place  *)  is  (V  —  v{)  F,,  V  being  the  potential  at  the 
junction  of  B,  and  the  condenser. 

Now  if  at  the  moment  balance  is  obtained  on  the  galvanometer 
we  disconnect  the  condenser  from  B,  and  connect  it  to  earth,  then 
the  charge  in  F,  will  combine  with  the  charge  in  F^,  and  if  these 
two  charges  were  equal,  as  would  be  the  case  if  there  were  no 
absorption,  that  is,  if  F^  were  the  true  capacity  of  the  cable,  the 
combination  would  clear  both  cable  and  condenser ;  but  inasmuch 
as  there  is  absorption  in  the  cable,  then  at  the  moment  F,  is 
disconnected  from  Bj*  and  the  battery  is  consequently  also  dis- 
connected, the  capacity  of  the  cable  springs  back  to  its  true  value 
Fi  and,  a  corresponding  part  of  its  charge  being  reabsorbed,  the 
total  charge  in  F^  is  less  than  it  was  before.  When  therefore  the 
condenser  and  cable  become  connected  together  as  explained,  the 
combination  of  the  charges  does  not  produce  neutrality,  but  leaves 
a  small  charge  in  the  combined  capacities,  which  charge  is  of 
course  equal  to  that  reabsorbed  by  F^,  being  the  excess  of  the 
charge  in  F,  over  that  in  the  cable.  The  combined  capacities  of 
Fi  and  F,  being  F^  +  F,,  let  v,  be  the  potential  of  the  charge 
remaining,  then  the  quantity  of  this  charge  will  be 

t^2(Fi  +  Fa), 
*.  A  mica  condenBer  (§  328,  page  308)  is  neoessary  for  this  to  be  the  case. 
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and  thiB  must  be  equal  to  the  difference  between  the  charge  in  Fj, 
that  is  (Y  —  Vi)  ¥^  and  the  charge  in  Fj,  that  is  V|  F^.  We  have 
then 

t^2(Fi  +  F,)  =  (V-t;0F,-t;,Fi, 


therefore 
therefore 
that  is 


v^T,  +  r^Fa  =  VF^  -v.F^^  v,Y„ 


In  order  to  be  able  to  make  use  of  the  formula,  we  require  to 
know  the  value  of  v,,  in  terms  of  the  slide  resistance  B^  4~  ^2> 
since  Y  and  Vi  are  respectively  represented  by  B^  and  B,.  The 
determination  of  v,  may  be  effected  as  follows : — 

Immediately  after  balance  has  been  obtained  on  the  galvano- 
meter, the  connection  of  the  latter  on  to  the  resistances  is  shifted 
to  the  extreme  left  of  B^,  the  condenser  connection  to  B,  is  discon- 
nected from  the  latter,  and  put  to  earth,  and  the  galvanometer  key, 
kj  is  depressed ;  this  causes  the  residual  charge  in  the  condenser 
and  cable  to  discharge  through  the  galvanometer,  producing  a 
throw  of  a  divisions ;  the  key  being  raised  again,  the  galvanometer 
connection  is  now  shifted  from  the  end  of  B|  to  a  distance  of,  say, 
r  ohms  to  the  right ;  the  key  h  is  again  depressed,  causing  a  charge 
of  a  potential  corresponding  to  the  resistance  r,  to  charge  the  cable 
and  condenser,  and  to  produce  a  throw  of  P  divisions.  The  required 
value  of  Vj  will  then  obviously  be 

a 

Hence,  since  R^  +  B,  correBponda  to  Y,  Bj  to  v^,  and  r-  to  v,,  we 

P 
get 

E,  +  B,-(Bi+r|)  B,-r| 

F,  =  F, ^^ e<  =  p, ^. 

Bx  +  rJ  B,  +  r| 

Far  example. 

Balance  was  obtained  by  making  B^  s  2000,  and  B,  =  8000. 
On  shifting  the  galvanometer  oonnection  to  the  end  of  B^  and 
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putting  the  condenser  connection  to  earth,  as  explained,  a  throw  of 
80  divisions  (a)  was  observed  when  k  was  depressed,  k  being 
raised  again,  the  galvanometer  connection  was  moved  a  distance 
of  10  ohms  (r)  to  the  right;  on  depressing  k  a  deflection  of  200 
divisions,  /8,  was  observed.  The  capacity  of  Fj  being  10  micro- 
farads, what  was  the  apparent  and  the  corrected  capacity  of  F^  ? 

Apparent  capacity  =  10  ;^— r  =  40  microfarads. 

8000  -  10  —^ 

CJorrected  capacity  =  10 ^ 

2000  +  10  — 

,^8000  -4       79960       oo  n     •      r     ^ 
=  10  ^,,^^   .    ^  =  -TrrTTT-  =  39*9  microfarads. 
2000  +  4       2004 

419.  In  order  that  the  correction  may  be  properly  effected,  it  is 
very  necessary  that  all  the  operations  mentioned  be  carried  out 
one  after  the  other  as  quickly  as  possible,  otherwise  the  absorbed 
charge  will  ooze  out  and  falsify  the  results ;  a  special  form  of  key 
is  therefore  required  for  the  test.  With  the  key  designed  by 
Mr.  Saunders,  and  shown  in  general  view  by  Fig.  170,  all  the 
requirements  are  satisfied.  The  way  in  which  the  connections  are 
made  for  the  test  is  shown  by  Fig.  171. 


Fio.  170. 


The  manipulations  for  carrying  out  the  test  are  as  follows : — 
Ist.  Ki  is  pressed  down ;  this  by  means  of  a  rocking  piece  h 
raises  key  E,  to  its  top  contact.     Under  these  conditions  both  the 
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cable  and  condenBer  are  put  to  earth  (througli  the  galTanometer), 
thereby  rendering  both  neutral. 

2nd.  E,  is  pressed  down ;  this  causes  E^  to  be  raised  to  its  top 
contact.  The  cable  and  condenser  are  now  joined  up  as  in  Fig.  169  ; 
the  slider  of  the  resistances  R|  R,  is  then  adJDhted  until  the 
equilibrium  position  is  obtained,  i.e.  until  no  deflection  is  observed 
when  key  k  is  depressed. 

8rd.  Immediately  after  equilibrium  is  obtained  the  slider  $  is 
moved  to  A,  and  E,  is  raised ;  this  causes  the  charges  in  the  cable 
and  condenser  to  combine.     After  a  few  seconds  E^  is  pressed 


Jlf  Hi 

A     g  \s 


Fio.  171. 

down ;  this  causes  the  residual  charge  in  the  cable  and  condenser 
to  discharge  through  the  galvanometer  giving  cu 

4th.  The  slider  s  is  moved  back,  say,  a  distance  of  10  ohms^ 
that  is  to  a,  and  E^  being  raised  h  is  depressed;  this  causes  a 
back  rush  into  the  cable  and  condenser  through  the  galvanometer, 
producing  a  throw  which  gives  fi. 

When  applied  to  measurements  of  1000  or  2000  knots  of  cable, 
Muirhead's  method  ceases  to  yield  correct  results,  apparently  on 
account  of  the  extra  retardation  of  discharge  by  the  resistance  of 
the  conductor. 
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Divided  Charge  Method. 

420.  If  a  charged  condenser  has  its  two  terminals  connected  to 
the  two  terminals  of  a  second  condenser,  which  contains  no  charge, 
then  the  charge  will  become  distributed  over  the  two ;  and  if  the 
condensers  be  then  separated,  the  quantities  held  by  them  will  be 
directly  proportional  to  their  respective  capacities.  Thus,  if  Q, 
be  the  charge  contained  in  a  condenser  whose  capacity  is  Fj,  then 
if  it  is  connected  to  a  condenser  or  cable  whose  capacity  is  F^, 
the  quantity  Q  which  will  remain  in  Fj  will  be 

From  this  we  get 

F,  =  P,^2^.  [A] 

If  therefore  Q^  be  the  discharge  obtained  from  a  condenser  Fj 
when  full,  and  Q  the  discharge  obtained  from  it  when,  after 
being  charged  from  the  same  battery,  it  is  connected  for  a  few 
seconds  to  F^,  then  the  capacity  of  F^  is  given  by  the  above 
formula. 

Far  easample, 

A  condenser  of  ^  microfarad  capacity  (Fj),  when  folly  charged 
gave  a  discharge  of  300  (Q2)-  After  being  recharged  and  con- 
nected a  few  seconds  to  a  piece  of  cable  whose  capacity  F^  was 
required,  the  quantity  of  charge  remaining  gave  a  discharge  of 
140  (Q).    What  was  the  capacity  of  the  piece  of  cable  ? 

,  ^^300- 140  _  .OQ.  ^r 
^  "^  *      140 

421.  The  capacity  which  the  condenser  F.  should  haye  in  order  that  the  test 
may  be  made  as  accurately  as  possible,  may  be  thus  arrived  at : — 

Let  there  be  an  error  A  in  F,  caused  by  an  error  —  8  in  Q  and  an  error '+  8 
in  Q,,  so  that  \  is  as  great  as  possible ;  we  then  haye 

but  we  know  that 

therefore 

.     _  _        Q  Qi-Q  +  28 

that  is 
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ot,  aiiiee  >  ii  •  rcfy  small  qnantity,  we  may  t»y 

We  have  then  to  ibid  the  Telne  of  Q  which  nuikee  A  m  nnell  m  poieible. 
Dow 

(Q.  +  Q)»       »  fQ.-Q  ,     2Q    ^^ 
(;Q.-Q)Q-«,\      Q     +Q,-Q  +  '/ 

and  to  moke  the  latter  ezprenion  as  small  as  posBible  we  most  make 

as  small  as  possiUe ;  that  is  to  say,  we  must  make 

*     Q.  -  Q  -  "• 
or 

Q.  -  Q  -  *  •■ 

therefore  _ 

QV2  =  Q.-Q, 
or  _ 

Q(V2  +  1)  =  Q,: 
thatia 

^"V^  +  l-2«42 

It  was  pointed  oat,  however,  in  a  similar  in'vesb'gati<m  wbieh  we  made  in 
§  123,  page  124,  that  praotioally  we  may  say,  make — 

^       8 

or,  in  other  words,  the  capacity  of  F,  should  be  sneh  that  when  it  is  connected 
to  Fi  it  should  loee  two-thirds  of  its  charge.     This  is  obtained,  of  course,  by 

F 
making  F,  equal  to  -^  • 

422.  The  oonneotions  for  the  practical  exeontion  of  the  test 
wotild  be  very  similar  to  those  shows  in  Fig.  142,  page  313,  bat 
the  condenser  or  cable  under  trial  would  be  substituted  in  the 
place  of  the  battery.  When  it  is  a  cable  whose  capacity  is  being 
measured,  then  terminal  B  would  be  put  to  earth,  and  the  wire 
shown  as  leading  from  B  to  the  battery  would  be  removed.  The 
test  would  then  be  made  in  the  following  manner : — 

Key  E3  being  pressed  down  so  as  to  hitch  on  the  '*  Insulate " 
trigger  (Fig.  142,  page  313),  the  condenser  C  would  be  charged 
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by  touching  the  terminals  A  and  B  with  the  wires  from  the  two 
poles  of  the  battery.  The  "  Discharge  "  trigger  of  the  key  then 
being  depressed,  the  discharge  Q^  is  noted.  The  key  then  being 
again  placed  at  '*  Insulate,"  and  the  condenser  again  charged  up 
by  the  battery,  the  key  would  be  pressed  down  on  to  its  bottom 
contact;  this  puts  the  condenser  G  in  connection  with  the  trial 
condenser  or  cable.  The  "  Discharge  "  trigger  ^en  being  pressed, 
the  discharge  Q  is  noted. 

Best  Conditions  for  making  the  Test, 

F, 

423.  Make  F^  as  nearly  equal  to  -^^  as  possible. 

Possible  Degree  of  Accuracy  attainable. 
From  equation  [B]  (page  380)  it  follows  that 

T>         X         r  100(02  +  0)8 

Percentage  of  accuracy  =  f~/Q  \,  q/q  * 

where  8  is  the  fraction  of  a  division  to  which  each  of  the  deflec- 
tions Q  and  Q2  can  be  read. 

424.  By  a  modification  of  the  foregoing  method,  due  to  the 
late  Dr.  Siemens,  a  comparatively  small  condenser  may  be  used  for 
measuring  large  capacities.    It  may  be  called 


Siemens'  Diminished  Charge  Method. 

If  we  connect  a  condenser  to  a  charged  cable,  the  latter  loses 
the  amount  which  the  condenser  takes  up,  and  if  the  condenser  be 
discharged  and  then  again  connected  to  the  cable,  and  again  dis- 
charged, and  this  process  be  repeated  several  times,  the  quantity 
in  the  cable  can  be  definitely  diminished  as  much  as  we  like.  The 
quantity  removed  each  time,  however,  is  not  the  same,  but  becomes 
less  and  less  after  each  discharge. 

Let  O2  ^^  ^^^  quantity  contained  in  the  condenser,  and  Oi  ^^^ 
quantity  contained  in  the  cable,  when  the  two  are  charged  full 
from  the  same  battery.     Then 

Oa  :  Qi  :  :  Fa  :  F„ 
or 

F, 

'f; 


Ql   =    Qa: 
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Supposins^  now  the  cable  to  be  oompletely  oharged,  and  the 
battery  taken  off,  and  the  condenser  to  be  empty,  then  on  con- 
necting the  condenser  to  the  cable,  the  charge  the  former  will  take 
will  be 

O ?3 o  ^1  V      ^«      -  n  El. 

'^^Fi  +  F,  -  ^^F;  ^  Fi  +  Fa  ~  ^^F^  +  F/ 

whilst  the  quantity  remaining  in  the  cable  will  be 


On  disoharging  the  condenser  and  connecting  it  a  teeond  time  to 
the  cable,  the  charge  it  will  take  will  be 

F|  F,       _ «  ^1  F,  Fa       _ 

*^»Fi  +  F,  ^  F,  +  F,  -  *^»F,  ^  F,  +  F,  ^  Fj  +  F,  - 


«VF,  +  fJ  ' 


*-^y^^ 

+  F,^ 

t 

F,  +  F,  - 

VQ 

^\ 

consequently,  after  the  nth  application,  the  charge  Q  it  will  take 
will  be 


therefore 


from  which 

For  example, 

A  condenser  of  I'O  microfarad  capacity  (Fj),  when  fall,  gave 
a  discharge  equal  to  300  (Q^).  A  cable  whose  capacity  wa^s 
required  was  charged  from  the  same  battery  which  was  employed 
to  charge  the  condenser.  The  latter  was  then  alternately  con- 
nected to  the  cable,  removed  and  discharged  16  times  (n);  on  the 
sixteenth  occasion  the  discharge  was  noted,  and  it  was  found  equal 
to  83  (Q).     What  was  the  capacity  of  the  cable  ? 

Fi  =  — -^ =  11-97  m.f. 


ie/3o0 
V  ¥3"" 

Digitized  by  VjOOQ  IC 


MEASUREMENT  OF  ELECTROSTATIC  CAPACITY.  383 

425.  In  order  to  make  this  test  as  accurately  as  possible  when 
it  is  applied  to  a  cable,  the  repeated  charges  and  discharges  muRt 
be  made  with  as  little  loss  of  time  as  possible,  as  during  that  time 
leakage  of  the  charge  will  be  going  on  through  the  insulating 
sheathing  of  the  cable,  and  absorption  will  be  taking  place ;  the 
accuracy  of  the  test  depends  upon  this  leakage  and  absorption 
being  nothing,  or  at  least  very  small. 

426.  The  connections  for  making  the  test  would  be  similar  to 
those  employed  in  the  foregoing  one,  and  the  practical  execution 
would  be  the  same,  with  the  exception  that  the  trial  condenser  or 
cable,  and  not  the  standard  condenser,  would  be  charged  from  the 
battery,  and  in  taking  the  repeated  discharges  the  galvanometer 
wvuld  have  to  be  short-circuited. 

Beat  Conditions  for  maJcing  the  Teat. 

F, 

427.  Make  n  equal  to  1-278  =r,  approximately. 

ThlB  may  be  proved  as  follows : — 

In  order  to  determine  F,  as  accurately  as  possible  from  the  equation 

we  must  determine  (-^  )*  as  accurately  as  possible. 

Let  ( -^  )*  equal  -,  and  let  there  be  a  small  plus  error  8  in  Qt,  and  a  small 
\Q/  k 

minus  error  8  in  Q,  and  let  there  be  a  corresponding  error  Aj  in  k,  that  is,  let 


therefore 
Now 
therefore 


=(\^h-'[(-J..]. 


bnt  nnoe  t  i*  very  «maU,  ■we  get 

i       8       i-i         -      8     i-i 
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«» fc  -  •  4. 1 »» 

To  make  A,,  a  minimum,  we  must  make a  minimam. 

■  n 

Let 

n 
then 

at  a  minimam ;  therefore 

n  log.  fc  +  1  +  fc-  =  0, 
or 

log.  fc-  +  1  +  fc-  =  0, 
or 

log  Jk-  +  (l+ife-) -4343  =  0. 

The  eolation  of  this  eqaation  may  be  obtained  by  the  '* trial"  method,  i.e. 
giving  k*  varioas  yaluee  antil  one  is  fonnd  which  approximately  satisfies  the 
equation.  If  we  make  k*  equal  to  *  27846  the  equation  will  be  very  nearly 
satisfied,  for  _ 

log  -27846  =  1-4447628  =  -  •55.'>2372 
and 

Now 

therefore 
hence 


n  = 


(I  +  -27846)  -4343  =  5552352. 
log.  -27846   >-  -5552372  x  2-303     1-278 


"^•w:Tr,~    •"'^•Friv.    '"'<^H^ 


Expanding  by  Tajlor's  theorem,  we  get 

1-278 


"-F,      1/F.\'     1/P.V     j^    ' 

F 

and  neglecting  squares  and  higher  powers  of  ^,  which  we  may  do  for  an  approxi- 

'i 

mution,  we  get 

1-278  F, 

,  =  ^_=  1.278  _|. 

K. 

For  example. 

It  being  required  to  measure  the  exact  electroBtatio  capacity  of  a  cable 
whose  capacity  was  12  microfarads  (F,)  approximately,  a  condenser  of  1  micro* 
farad  (F,)  was  used  for  the  purpose.  How  many  times  should  the  oondenser  be 
applied  to  the  cable  in  order  that  the  test  may  be  made  with  the  greatest  chanoe 
of  obtaining  an  accurate  result  ? 


n  =  l-278j  sl6. 
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Possible  Degree  of  Accuracy  attainable. 
Percentage  of  accuracy  =  -  •  v^a  -r  w,)  ^2*     -^qq^ 

"     Q(Q.--Qi) 

where  8  is  the  fraction  of  a  division  to  which  each  of  the  deflections 
Q  and  Q^  can  be  read. 

Capacity  Measurements  op  Long  Submarine  Cables. 

428.  With  reference  to  the  exact  measurement  of  the  capacity 
of  long  submarine  cables,  Mr.  J.  Elton  Young  points  out  *  that 
there  are  several  sources  of  error  which  require  to  be  guarded 
against,  and  for  which  corrections  require  to  be  made  if  accuracy 
is  to  be  ensured.  In  balancing  a  cable  against  a  paraffin  con- 
denser, if  they  both  have  the  same  rate  of  absorption  there  will  be 
no  apparent  variation  of  results  with  the  time  of  charging.  This, 
however,  is  not  the  case  in  general,  for  not  only  do  the  specific 
absorptive  capacities  of  paraffin  and  gutta-percha  differ,  but  the 
conductor  resistance  of  a  long  cable  greatly  modifies  its  rate  of 
absorption,  at  all  events  near  the  beginning  of  charge  or  discharge. 
Thus,  assuming  that  comparisons  are  made  by  the  Thomson  or 
Gott  methods,  there  will  be  a  divergence  of  results  with  different 
times  of  charge — quite  independently  of  that  due  to  true  leakage 
effects,  which  also  require  to  be  taken  into  account. 

Besides  this  effect  of  time,  there  is,  moreover,  one  of  tempera- 
ture to  be  noticed.  The  absorptive  capacity  of  both  gutta-percha 
and  paraffin  is  augmented  by  fall  of  temperature,  thus  causing  an 
increase  in  their  apparent  capacities.  This  variation  is  of  a 
smaller  order  of  magnitude  than  the  former,  being  in  fact  the 
increment  of  an  increment.  Thus  in  the  case  of  paraffin  the 
temperature  effect  is  to  increase  the  capacity  by  only  0*025  per 
cent,  per  fall  of  1°  C.  The  rate  at  which  it  affects  that  of  gutta- 
percha, whilst  in  the  same  direction,  is  still  smaller,  and  has 
eluded  determination  altogether  hitherto.  Still  it  cannot  be 
regarded  as  negligible  when  we  are  seeking  the  maximum 
accuracy  attainable,  and  dealing  with  cables  of  many  hundreds  of 
microfarads  submerged  at  depths  such  that  their  temperature 
falls  by  some  35°  below  the  standard  75°  of  the  factories.    In  the 
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case  of  ordinary  paraffin  condensers  when  employed  for  aocnrate 
measurement  it  is  a  factor  requiring  careful  allowance  to  be 
made  for  it ;  though  in  the  compensated  standards  constructed  by 
Dr.  Muirhead,  partly  of  paraffin  and  partly  of  shellac,  the  opposite 
behaviour  of  the  shellac  neutralises  their  temperature  variation. 

Mr.  Toung  finds  that  a  modified  Thomson  test  (page  369) 
gives  very  satisfactory  results.  In  this  method  both  leakages 
and  absorptions  are  balanced  hy  dbaervation  and  adjuatment  during 
charging,  absorption  in  thta  case  being  treated  as  apparent 
improvement  of  Insulation  Eesistance.  That  is  to  say,  the  con- 
densers are  shunted  by  a  resistance  which  is  adjusted  till  it 
approximately  balances  the  apparent  Insulation  Besistance  of  the 
cable  at  any  time  of  charge.  The  connections  for  charging  are 
those  of  Gott*s  method  (page  373),  with  this  important  difference, 
that  the  key  k  (Fig.  169)  is  closed  during  the  charge.  The  effect 
of  this  is  to  keep  the  potential  of  the  point  of  junction  of  the 
condenser  and  cable  constant,  as  in  the  Thomson  balance,  while  at 
the  same  time  the  deflection  on  the  gcJvanometer  shows  whether 
or  not  there  is  a  balance  of  (apparent)  insulation  resistances  in 
the  bridge  system.     Since  this  balance  is  required  to  be  such  that 

—  =  ^ ,  R  being  the  shunt  resistance  across  the  condenser,  and  r 
r       J<a 

the  insulation  resistance  of  the  cable,  the  balance  must  be  ob- 

served  when  ^  =  ^  nearly ;  that  is  to  say,  we  must  commence 

with  an  approximately  correct  position  of  the  slide  resistance 
slider;  then  R,  the  leakage  shunt  across  the  condensers,  is  ad- 
justed till  the  galvanometer  shows  a  resistance  balance,  as  nearly 
as  possible,  at  the  end  of  any  desired  time  of  charging.  For  this 
purpose  a  set  of  plumbago  resistances  is  useful,  or  it  can  be  done 
roughly  by  the  application  of  a  pocket-handkerchief  across  the 
terminals  of  the  condenser  more  or  less  closely  as  required ;  but  it 
is  preferable  to  estimate  approximately  the  proper  resistance  and 
to  arrange  it  beforehand. 

Having  thus  charged,  and  balanced,  the  apparent  Insulation 
Resistances  by  observation,  the  test  proceeds  in  the  same  way  as 
in  the  case  of  the  Thomson,  viz.  by  short-circuiting  and  mixing 
the  charges,  and  observing  if  any  outstanding  quantity  remains 
on  earthing  the  junction  of  the  two  capacities  through  the  gal- 
vanometer. An  additional  advantage  over  the  original  Thomson 
arrangement  is  that  there  is  no  serious  vitiation  of  results  by 
battery  leakage.  Moreover,  it  admits  of  allowance  being  made 
for  **  cable  current  '*  by  false  zero  observation,  a  moat  important 
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point  on  long  submarine  lines.  It  shonld  be  remarked  that  in 
the  modified,  as  in  the  original,  method  the  mixing  period  must 
be  sufficiently  prolonged  to  di8charu;e  the  cable,  or  variable  results 
Tdll  ensue.  On  a  section  of  1850  knots  Mr.  Young  found  15 
seconds'  mixing  sufficiently  long,  within  the  limits  of  apprecia* 
tion,  even  after  a  full  minute's  charging — ^i.  e.  there  was  no 
difference  between  a  15  and  a  25  seconds'  mixing  interval. 

By  means  of  a  measurement  thus  carried  out,  it  is  possible  to 
arrive  at  the  same  result  for  all  times  of  charge,  and  for  any 
values  of  the  dielectric  resistance,  and  to  dispense  with  all  calcu- 
lated allowances  for  leakage.  Thus  the*  desired  uniformity  of 
results  is  ensured,  taking  the  constant  values  of  the  balancing 
condensers,  determined  by  Muirhead's  method,  as  a  basis.  The 
condensers  should  be  marked  with  these  values,  as  well  as  with 
the  temperatures  at  which  they  were  measured.  Care  must  then 
be  taken  to  correct  the  condensers  for  their  temperature  changes, 
by  means  of  the  coefficients  furnished  by  Muirhead.  It  only 
remains  to  determine  the  very  small  coefficient  of  temperature 
variation  applicable  to  the  specific  induction  capacity  of  gutta- 
percha ;  this  has  yet  to  be  done. 

429.  The  importance  of  being  able  to  determine  accurately  the 
capacity  of  a  cable  will  be  evident  if  it  be  remembered  that  on 
ocean  cables  a  microfarad  means  some  3  nautical  miles ;  so  that  a 
mistake  of  1  per  cent,  in  the  distance  to  a  sealed  break,  on  a 
section  of,  say,  700  microfarads — if  for  any  reason  localisation 
from  the  other  end  were  impracticable,  as  sometimes  happens — 
would  amount  to  an  error  of  20  knots. 
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CHAPTER  XIV. 
THE  THOMSON  QUADBANT  ELECTROMETER. 

430.  This  is  a  most  yaluable  and  useful  mstmment  for  accu- 
rately measuring  potentials. 

Dbscriftion. 

Fig.  173  (page  388)  gives  a  general  view  of  the  instrument. 
In  the  small  figure  to  the  right,  n  n  is  a  thin  needle  of  sheet 
aluminium,  shaped  like  a  double  canoe-paddle.  It  is  rigidly 
fixed  at  its  centre  to  an  axis  of  stiff  platinum  wire  Ic  (Fig.  172) 
in  a  plane  perpendicular  to  it.  At  the  top  end  of 
the  wire  a  small  cross-piece  •  is  fixed,  to  the  ex- 
tremities of  which  single  cocoon  fibres  are  attached. 
These  fibres  are  fixed  to  small  screws  c  and  d,  by 
the  turning  of  which  the  length  of  the  former  can 
be  altered.  The  small  screws  a  and  h  enable  the 
screws  c  and  d  to  be  shifted  either  to  the  right  or 
left,  finally,  by  turning  e,  the  screws  a  and  h  can 
be  parted  more  or  less,  thereby  separating  the 
threads  of  suspension,  and  rendering  the  tendency 
of  the  needle  to  lie  in  its  normal  position  more  or 
less  powerful. 

A  little  below  the  cross-piece  •  is  fixed  the  mirror 
m,  whose  movements  are  reflected  on  a  scale,  as  in 
Fio.  172.  ^  Thomson  galvanometer  (page  48).  The  platinum 
wire  below  the  mirror  passes  through  a  guard  tube, 
i  (Fig.  173)  to  prevent  any  great  lateral  deviation  of  the  needle 
and  its  appendages,  which  might  cause  damage  should  the  instru- 
ment receive  any  rough  usage.  The  guard  tube  itself  is  fixed  to 
the  framework  from  which  the  needle  is  suspended. 

It  will  be  seen  in  the  figure  that  the  needle  is  suspended, 
apparently,  beneath  four  quadrants  (g),  A,  B,  C,  and  D.  There 
are,  however,  four  quadrants  also  below  the  needle,  united  to  the 
top  ones  at  their  circumferences.  The  arrangement  is  in  fiict  a 
round,  flat^  shallow  box,  cut  into  four  segments. 
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The  alternate  segments  are  connected  together  by  wires  as 
shown  in  the  figure. 

^'ow,  if  the  needle  is  electrified  and  the  quadrants  are  in  their 
normal  unelectrified  condition,  and  are  placed  symmetrically  with 
reference  to  it,  no  effect  will  be  produced  on  the  needle.  That  is 
to  say,  the  spot  of  light  on  the  scale  will  be  stationary  exactly  at 
the  centre  line. 


Fig.  173. 

But  if  the  quadrant  D,  and  consequently  A,  be  electrified,  then 
an  attraction  or  repulsion  will  be  exerted  on  the  needle,  causing 
it  to  turn  through  an  angle  proportional  to  the  potential  of  the 
electricity. 

As  the  angular  movements  are  very  small,  the  number  of 
divisions  of  deflection  on  the  scale  will  directly  represent  the 
degree  of  potential  which  the  quadrants  possess. 

We  can  also  connect  another  electrified  body  to  C  and  B ;  the 
needle  will  then  move  under  the  influence  of  both  forces. 
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To  render  the  instrament  of  practical  value,  several  conditionB 
must  be  assured. 

Let  us  suppose  the  needle  to  be  electrified. 

We  stated  that,  at  starting,  the  ray  of  light  should  point  to 
the  centre  line  on  the  scale.  To  ensure  this,  the  quadrants  must 
be  symmetrically  placed.  This  can  be  roughly  done  by  hand,  as 
means  are  provided  for  enabling  the  quadrants  to  slide  backwards 
or  forwards,  and  to  be  filled  by  means  of  small  screws,  shown  in 
the  large  figure.  For  obtaining  the  final  positions,  one  of  the 
quadrants  (B)  is  provided  with  a  micrometer  screw  (^),  which 
enables  a  fine  adjustment  to  be  given  to  it. 

We  must  also  have  means  of  keeping  the  needle  at  one  uniform 
potential  for  a  considerable  time. 

The  needle  itself  could  only  contain  a  very  small  cbarge  of 
electricity,  and  a  slight  escape  of  this  would  seriously  lower  the 
potential,  and  make  comparative  measurement  useless;  for  it  is 
evident  that  the  whole  principle  of  the  instrument  depends  upon 
the  potential  of  the  needle  remaining  constant  during  the  time  a 
set  of  experiments  are  being  made. 

To  get  over  this  dijBlculty  a  large  glass  jar,  like  an  inverted 
shade,  is  provided,  partially  coated  with  strips  of  tin-foil  (/) 
outside.  Inside  the  jar,  to  about  a  third  of  its  height,  strong 
sulphuric  acid  is  placed.  This  answers  a  threefold  purpose. 
It  enables  the  air  inside  it  to  be  kept  quite  dry,  thereby  very 
perfectly  keeping  those  parts  insulated  which  require  to  be  so; 
secondly,  it  holds  a  charge  of  electricity  (acting  as  the  inner 
coating  of  the  jar);  and  thirdly,  it  allows  the  charge  to  be 
communicated  to  the  needle  without  impeding  its  movements. 
This  latter  is  effected  by  means  of  a  fine  platinum  wire,  which  is 
attached  to  the  lower  end  of  the  thick  wire  which  supports  the 
needle  and  mirror. 

The  fine  wire  dips  into  the  acid,  a  portion  of  the  charge  of 
which  is  thereby  communicated  to  the  needle. 

To  keep  the  wire  from  curling  up  out  of  the  acid,  and  also  to 
steady  the  movements  of  the  needle,  a  small  plummet  of  platinum 
is  attached  to  the  end  of  the  wire,  as  will  be  seen  in  the  figure. 

A  thick  platinum  wire,  fixed  to  the  lower  extremity  of  the 
guard  tube  <,  and  reaching  nearly  to  the  bottom  of  the  jar,  is  for 
the  purpose  of  enabling  the  latter  to  be  charged,  in  a  manner  to  be 
explained. 

So  far,  the  jar  answers  the  purpose  of  keeping  the  needle  supplied 
with  electricity  ;  but  although  this  may  prevent  the  potential  from 
falling  very  rapidly,  it  will  not  prevent  its  doing  so  entirely. 
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The  BeplenisJier. 

431.  Ab  the  instrument  is  extremely  sensitive  to  very  slight 
changes  of  potential,  some  means  are  requisite  hy  which  any  small 
loss  can  be  easily  supplied  without  there  being  any  fear  of  putting 
in  too  much. 

This  is  effected  by  means  of  the  "  repleniaher,**  whose  principle 
may  be  explained  by  the  help  of  the  small  out  to  the  left,  in 
Fig,  173. 

A  and  B  are  two  curved  metal  shields,  one  of  which  (say  A)  is 
oonnectod  to  the  acid  in  the  jar,  and  the  other,  6,  to  the  framework 
of  the  instrument,  and  through  it  to  the  foil  outside  the  jar. 

h  and  h  are  two  metal  wings  insulated  from  one  another  by  a 
small  bar  of  ebonite,  which  is  centred  at  a,  so  that  it  turns  in  a 
plane  represented  by  the  paper.  The  spindle  is  represented  in  the 
large  figure  by  «,  other  parts  being  omitted  for  simplicity. 

It  will  be  observed  that  the  wings  curve  outwards.  This  is 
done  in  order  that  they  may  make  a  short  contact  in  their  revolu- 
tion with  springs  c  e  and  e  e.  c  and  c  are  connected  together  per- 
manently, but  are  insulated  from  the  rest  of  the  apparatus,  e  and 
e  are  connected  to  the  shields  A  and  B  respectively. 

Now  let  us  suppose  the  wings  to  be  rotated  in  .the  reverse 
direction  to  that  in  which  the  hands  of  a  watch  turn. 

As  soon  as  the  left-hand  wing  comes  in  contact  with  the  spring 
c,  at  the  lower  part  of  the  figure,  the  right-hand  wing  comes  in 
contact  with  the  other  spring.  The  two  wings  being  thus  con- 
nected together,  and  under  the  influence  of  the  shields,  the  elec- 
tricity in  A,  which  we  will  call  positive,  draws  negative  electricity 
to  the  wing  close  to  it,  and  drives  the  positive  to  the  other  wing. 

On  being  rotated  a  little  farther  the  wings  clear  the  springs, 
and  being  thus  disconnected,  each  wing  retains  its  charge. 

Continuing  the  rotation,  the  right-hand  wing,  which  had  the 
positive  charge  communicated  to  it,  comes  in  contact  with  the 
spring  e  of  shield  A,  and  the  charge  is  communicated  to  the  jar, 
the  negative  electricity  in  like  manner  on  the  other  wing  running 
to  the  outer  coating  of  the  jar.  The  shields  are  now  in  a  neutral 
condition,  as  at  first,  and  on  continuing  the  rotation  the  process  is 
repeated.  * 

Thus  every  turn  increases  the  potential  of  the  charge  in  the 
jar,  and  by  continuing  the  rotation  we  can  augment  this  as  much 
as  we  please. 

By  reversing  the  motion  we  can  diminish  the  charge,  if  we 
require  to  do  so. 
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The  axis  of  the  replenisher  projects  above  the  main  cover,  and 
is  easily  turned  by  the  finger. 

The  Oauge. 

432.  But  we  still  require  some  arrangement  by  which  we  can 
see  whether  we  have  kept  the  potential  constant.  This  is  done  by 
means  of  a  small  '* gauge" 

The  gauge  consists  of  two  metallic  discs  having  their  planes 
parallel  and  close  to  each  other.  The  lower  of  these  planes  which 
will  be  seen  dotted  at  the  upper  part  of  the  figure,  is  in  electrical 
connection  with  the  acid  of  the  jar  from  which  it  takes  its  poten- 
tial. The  upper  disc  is  perforated  with  a  square  hole  immediately 
over  the  centre  of  the  lower  disc. 

A  light  piece  of  aluminium,  shaped  like  a  spade,  has  the  part 
corresponding  to  the  blade  fitting  in  this  square  hole.  At  the 
point  where  the  handle  would  be  joined  to  the  blade  this  spade  is 
hinged,  by  having  a  tense  platinum  wire  fixed  to  it,  which  runs  at 
right  angles  on  each  side  of  the  handle  and  blade,  and  lies  in  the 
same  plane  as  the  latter. 

When  the  lower  plate  is  electrified,  it  would  attract  the  blade, 
thereby  raising  the  end  of  the  handle.  So  that  if  we  notice  the 
position  of  the  end  of  the  handle  with  respect  to  a  mark,  and  see 
that  it  moves  above  or  below  it,  we  know  that  the  electricity  of 
the  lower  plate  is  either  overcoming  the  tendency  of  the  light 
platinum  wire  to  keep  it  up,  or  is  unable  to  do  so. 

If  then  we  charge  our  jar  to  such  a  potential  that  the  handle  is 
situated  close  to  the  mark,  and  we  keep  it  so,  we  know  that  the 
potential  of  the  jar  is  constant.  When  we  notice  the  handle  sink- 
ing below  the  mark,  we  know  that  the  potential  of  the  electricity 
in  the  jar  is  falling ;  but  a  few  turns  of  the  replenisher  will  bring 
it  up  again. 

In  the  actual  arrangement,  the  rung  of  the  handle  is  formed  of 
a  fine  black  hair. 

Inside  the  handle  there  rises  a  small  pillar,  with  two  black  dots 
on  it.  The  sign  of  division  -=-  represents  this,  the  line  being  the 
hair  which,  by  the  movement  of  the  spade  blade,  rises  above  or 
below  the  two  dots,  which  of  course  would  be  almost  quite  close 
together. 

To  enable  the  hair  and  spots  to  be  seen  distinctly,  a  plano- 
convex lens  is  placed  a  little  distance  off.  Care  must  be  taken,  in 
order  to  avoid  parallax  eiTor,  to  keep  the  line  of  sight  a  normal  to 
the  centre  of  the  lens. 
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We  spoke  of  the  lower  disc,  whioh  becomes  electrified  by  the 
jar,  and  which  acts  on  the  spade  blade.  Now  it  is  evident  that  if 
the  distance  between  the  plates  be  always  the  same,  and  the  elas- 
ticity of  the  platinum  axial  wire  be  also  the  same,  to  get  the  hair 
between  the  two  spots  is  to  obtain  the  jar  at  a  particular  fixed 
potentiaL 

But  we  may  require  to  get  this  potential,  although  the  same 
whilst  a  certain  set  of  experiments  are  being  made,  yet  different 
for  different  series  of  experiments.  This  is  provided  for  by 
enabling  the  lower  disc  to  be  lowered  by  s<orewing  it  round. 

The  Induction  Plate. 

438.  To  enable  high  potentials  to  be  measured,  an  '*  induction 
plate "  is  added.  It  consists  of  a  thin  brass  plate,  smaller  in  area 
than  the  top  of  the  quadrant  beneath  it,  and  supported  from  the 
main  cover  by  a  glass  stem.  It  is  provided  with  an  insulated 
terminal  I.     The  use  of  the  plate  will  be  explained  later  on. 

434.  A  flat  brass  plate  covers  the  mouth  of  the  jar,  and  is 
secured  to  it  so  as  to  be  air-tight  and  prevent  the  entrance  of 
moisture. 

A  kind  of  lantern  rises  from  the  middle,  which  covers  the 
mirror  and  its  suspending  arrangements,  and  above  this  a  box 
with  a  glass  lid  protects  the  gauge. 

The  front  of  the  lantern  is  of  glass,  which  allows  the  ray  of 
light  to  fall  on  the  mirror  and  be  reflected  back  on  the  scale. 

Terminal  rods  or  electrodes,  in  connection  with  each  set  of 
quadrants,  pass  through  ebonite  columns  to  the  outside  of  the 
case,  and  have  terminals  attached  to  them.  These  electrodes  can 
be  pulled  up  and  disconnected  from  the  quadrants  if  necessary. 

A  charging  rod  (seen  in  Fig.  173,  page  389,  to  the  left  of 
the  left-hand  quadrant  terminal)  also  is  provided,  which  can  be 
turned  round  on  its  axis.  It  has  at  its  lower  end  a  small  spring, 
fixed  at  right  angles  to  it.  By  turning  this  terminal  rod  round, 
the  spring  can  be  brought  in  contact  with  the  framework  from 
which  the  needle  is  suspended,  and  thereby,  through  the  medium 
of  the  guard  tube  and  the  platinum  wire  attached  to  it,  the 
acid  in  the  jar  can  be  charged.  When  this  is  done,  the  spring 
is  moved  away,  so  that  no  accidental  leakage  can  take  place 
through  it. 

Various  insulating  supports  are  provided  inside  the  jar  and 
lantern.  One  supports  the  guard  tubes  and  the  adjusting  screws 
of  the  needle ;  others  support  the  quadrants. 
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The  whole  arrangement  is  supported  by  a  kind  of  tripod  on  a 
metal  base,  to  keep  it  steady.  There  are  also  levelling  screws,  and 
a  level  on  the  brass  cover,  to  enable  the 
instrnroent  to  be  properly  levelled,  so  that 
the  axis  of  the  needle  may  swing  clear 
of  the  gnard  tube. 

H  is  a  screw-capped  opening  through 
which  acid  can  be  introduced  into  the 
glass  jar. 

Beversing  Key. 

435.   Fig,  174  represents. a  reversing 
key  which   is  specially  adapted  for  use 
^^-  ^'^*-  with  the  instrument. 


To  Set  up  the  Electrometer. 

436.  In  setting  up  the  instrument  for  use  the  following 
instructions  *  should  be  followed. 

The  cover  being  unscrewed  and  lifted  off  and  supported  about 
18  inches  above  the  table,  it  will  be  observed  that  the  stiff 
platinum  wire  to  which  the  needle  is  attached  just  appears  below 
the  naiTow  guard  tube  enclosing  it  in  the  centre  of  the  quadrants, 
and  terminates  in  a  small  hook.  The  loop  at  the  end  of  the  fine 
platinum  wire  is  to  be  slipped  over  this  hook,  so  that  the  fine  wire 
and  plummet  may  hang  from  it.  The  wide  guard  tube,  when  in 
its  proper  position,  forms  a  continuation  of  the  upper  guard  tube, 
so  as  to  enclose  the  fine  platinum  wire  just  suspended.  It  must 
therefore  be  passed  upwards  over  the  suspended  wire,  and  neck 
foremost,  until  the  neck  embraces  the  lower  part  of  the  upper 
guard  tube,  where  it  must  be  fixed  by  the  screw  pin  provided 
for  the  purpose;  this  pin  is  screwed  in  by  means  of  one  of  the 
square-pointed  keys,  supplied  with  the  instrument,  fitting  the 
square  hole  in  its  head.  This  being  done,  replace  and  fasten  the 
cover,  place  the  instrument  on  a  sheet  of  ebonite  or  block  of  paraffin 
wax  so  as  to  insulate  it,  and  level  up  by  means  of  the  circular 
sj)irit  level  on  the  cover. 

Next  unscrew  and  lift  off  the  lantern  and,  if  necessary,  adjust 
the  four  quadrants  so  that  they  hang  properly  in  their  places, 
with  their  uj)[)er  surfaces  in  one  horizontal  plane.     The  needle 

*  From  inatructions  drawu  up  by  the  late  Mr.  W.  Leitch. 
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and  mirror  which  have  been  secured  during  transit  by  a  pin 
passing  through  the  ring  in  the  platinum  wire  just  above  the 
guard  tube,  and  screwed  into  the  brass  plate  behind,  must  now  be 
released  by  unscrewing  this  pin  with  the  long  steel  square-pointed 
key,  and  placing  it  in  the  hole  made  for  it  in  the  cover  just  behind 
the  main  glass  stem  to  prevent  its  being  lost.  The  needle  will 
now  hang  by  the  fibres. 

The  two  quadrants  in  firont  of  the  mirror  should  now  be  drawn 
outwards  from  the  centre  as  far  as  the  slots  allow,  by  sliding  out- 
wards the  screws  from  which  they  hang,  and  which  project  above 
the  cover  of  the  jar  with  their  nuts  resting  upon  flat  oblong 
washers ;  a  better  view  will  thus  be  obtained  of  the  needle.  The 
surfaces  of  the  latter  ought  to  be  parallel  to  the  upper  and  under 
surfaces  of  the  quadrants,  and  midway  between  them.  This  vydll 
be  best  observed  by  looking  through  the  glass  of  the  jar  just  below 
the  rim.  If  the  needle  requires  to  be  raised  or  lowered,  it  is  done 
by  winding  up  or  letting  down  the  suspending  fibres,  that  is,  by 
luming  the  proper  way  the  small  pins  c,  d  (Fig.  172,  page  388). 
The  suspending  wire  which  passes  through  the  centre  of  the 
needle  should  also  be  in  the  centre  of  the  quadrants.  This  is  best 
observed  when  the  quadrants  have  been  moved  to  their  closest  posi- 
tion. The  fourth  quadrant  is  moved  out  or  in  by  the  micrometer 
screw  g  (Fig.  173,  page  389),  whose  graduated  disc  overhangs  the 
edge  of  the  cover.  A  deviation  of  the  suspending  wire  from  its 
proper  central  position,  as  was  explained  at  the  beginning  of  the 
chapter,  may  be  corrected  by  means  of  the  small  screws  a,  h,  c, 
and  d  (Fig.  172,  page  388).  When  proper  adjustment  is  attained 
the  black  line  on  the  top  of  the  needle  should  be  parallel  to  the 
transverse  slit  made  by  the  edges  of  the  quadrants  when  these 
are  symmetrically  arranged. 

The  sulphuric  acid  may  now  be  put  into  the  jar.  For  this 
purpose,  the  strongest  sulphuric  acid  of  commerce  is  to  be  boiled 
with  some  crystals  of  sulphate  of  ammonia,  in  a  florenoe-flask 
supported  on  a  retort-stand  over  a  jet  of  gas  or  other  convenient 
source  of  heat.  It  is  recommended  to  boil  under  a  chimney,  so 
that  the  noxious  fumes  rising  from  the  acid  may  escape.  To 
guard  against  the  destructive  effects  of  the  acid  in  the  event  of  the 
flask  breaking  by  the  heat,  there  should  be  placed  beneath  it  a 
broad  pan  filled  with  ashes,  or  it  should  stand  above  a  fire-place 
containing  a  sufficient  quantity  of  cold  ashes.  A  little  sand  put 
into  the  flask  will  lessen  the  risk  of  breaking.  The  object  of 
boiling  the  acid  is  to  expel  the  volatile  acid  impurities  which  will 
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otherwise  impregnate  the  air  inside  of  the  jar  and  tarnish  the 
works.  When  cool,  the  acid  may  be  best  poured  into  the  jar 
through  a  gla^s  filler  with  a  long  stem  inserted  through  the  screw 
opening  H  (Fig.  173,  page  389)  provided  for  the  purpose.  The 
stem  of  the  filler  should  reach  the  bottom  of  the  jar,  to  avoid 
splashing  upon  its  sides  or  upon  the  works,  and  in  removing  it  care 
should  be  taken  that  it  is  drawn  out  without  its  end  touching  any 
of  the  brasswork.  The  acid  may  be  poured  in  till  the  surface  is 
about  an  inch  below  the  lower  end  of  the  wide  brass  tube  which 
hangs  down  the  middle  of  the  jar.  It  must  at  least  reach  the 
three  platinum  wires  hanging  from  the  works. 

437.  The  instrument  thus  adjusted  and  charged  with  acid 
should  be  allowed  to  rest  for  some  little  time  so  that  any  films  of 
moisture  on  the  insulating  portions  of  the  apparatus  may  become 
absorbed. 

The  scale  should  now  be  placed  at  the  proper  distance  so  that 
the  reflected  image  is  sharply  defined  and  stands  at  the  middle  of 
the  scale,  that  is,  at  360 ;  for  the  electrometer  scale  (unlike  that  of 
a  galvanometer)  is  graduated  from  0  to  720,  360  being  the  middle 
point.  Care  must  be  taken  that  the  two  ends  of  tiie  scale  are 
equidistant  from  the  centre  of  the  mirror. 

Next  connect  together  the  two  electrodes  of  the  quadrants  and 
the  induction  plate  electrode,  by  means  of  a  piece  of  thin  wire 
joined  to  the  cover  of  the  jar ;  also  turn  the  charging  rod  so  that 
it  touches  the  framework  of  the  platinum  wire  of  the  needle. 

Now  charge  the  jar  positively  by  means  of  a  few  sparks  from  a 
small  electrophorus,  the  frame  of  the  instrument  being  put  to  earth 
for  the  purpose,  and  afterwards  disconnected.  When  the  proper 
potential  is  reached,  it  is  indicated  by  the  lever  of  the  aluminium 
balance  rising;  the  charging  rod  should  then  be  turned  so  as  to 
disconnect  the  latter  from  the  needle.  The  replenisher  must  now 
be  used  to  adjust  the  charge  exactly,  so  that  the  hair  may  stand 
between  the  black  spots  when  observed  through  the  lens.  When 
the  lever  carrying  the  hair  is  at  either  extremity  of  its  range,  it  is 
apt  to  adhere  to  the  stop ;  in  using  the  replenisher  to  bring  it  from 
either  limit,  therefore,  it  is  necessary  to  free  it  from  the  stop  by 
tapping  the  cover  of  tJie  jar  with  the  fingers. 

If  the  charge  has  caused  the  reflected  image  to  be  deflected 
from  the  middle  of  the  scale,  it  may  be  brought  back  to  that  posi- 
tion by  turning  the  micrometer  screw  which  moves  the  fourth 
quadrant,  and,  if  necessary,  sliding  out  or  in  one  or  more  of  the 
other  quadrants. 

The  small  percentage  of  the  charge  lost  from  day  to  day  may 
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be  reooyered  by  using  the  replenisher.  Under  ordinary  conditions 
this  loss  will  not  amount  to  more  than  ^  per  cent,  per  day. 

The  charge  may  suffer  loss  from  several  causes,  the  most 
prevalent  being  the  presence  of  dust  on  portions  of  the  apparatus 
inside  the  jar.  Every  portion  should  be  carefully  dusted  with  a 
camel-hair  brush,  and  especially  the  round  induction  plate  beneath 
the  aluminium  balance. 

Loss  may  occur  by  shreds  inside  of  the  quadrants  drawing  the 
charge  from  the  needle.  It  should  be  ascertained  whether  this 
takes  place.  Insulate  alternately  each  pair  of  quadrants  by  raising 
the  corresponding  electrode,  while  the  other  pair  are  connected 
through  their  electrode  with  the  cover.  If  the  reflected  image  in 
either  case  keeps  moving  slowly  along  the  scale,  for  instance  over 
20  scale  divisions  in  half  an  hour,  the  charge  in  the  jar  being  at 
the  same  time  kept  constant  by  the  use  of  the  replenisher  if  neces- 
sary, the  insulated  pair  of  quadrants  is  receiving  a  charge  from  the 
needle.  In  that  case  the  inside  of  the  quadrants  may  be  brushed 
with  a  light  feather,  or  camel-hair  brush,  after  sliding  them  out- 
wards as  far  as  the  slots  allow,  and  securing  the  needle  in  the  posi- 
tion in  which  it  was  fixed  during  transit ;  care  being  taken  not  to 
press  upon  the  needle  so  as  to  bend  it  or  the  suspending  wire. 
Without  securing  the  needle,  each  quadrant  may  be  drawn  out- 
wards and  brushed,  while  the  needle  is  deflected  away  from  it  by 
the  screws  a,  h  (Fig.  172,  page  388),  or  by  any  obvious  means  of 
keeping  the  needle  deflected,  care  being  taken  not  to  strain  the 
fibres. 

Another  possible  source  of  loss  of  charge  is  want  of  insulation 
over  the  portion  of  the  glass  jar  above  the  acid.  If  the  percentage 
of  the  charge  lost  from  day  to  day  be  so  considerable  as  to  require 
much  use  of  the  replenisher  to  recover  it,  the  glass  should  be 
cleaned  with  a  wet  sponge,  rubbed  with  soap  at  first,  or  with  a 
piece  of  hard  silk  ribbon,  wet  and  soaped  at  first,  then  simply  wet 
with  clean  water,  which  may  be  drawn  round  the  glass  to  clean 
every  part  of  it.  The  ribbon  being  dried  before  a  fire,  may  be 
used  in  the  same  manner  to  dry  the  glass. 

If  everything  fails  to  make  the  apparatus  keep  its  charge,  the 
cause  is  probably  due  to  a  defective  glass  jar,  and  this  can  only  be 
remedied  by  the  manufacturers. 

438.  The  good  insulation  of  the  instrument  being  satisfactorily 
accomplished,  the  symmetrical  suspension  of  the  needle  by  the 
fibres  should  be  tested.  The  conditions  sought  to  be  realised  are, 
that  in  the  level  position  of  the  instrument  the  needle  may  bang 
with  equal  strain  on  the  two  fibres,  and  in  a  symmetrical  position 


Digitized  by 


Google 


398  HANDBOOK  OF  ELECTRICAL  TESTING. 

with  regard  to  the  four  quadrants.  It  is  plain  that  if  these  condi- 
tions be  fulfilled  the  deflection  produced  by  the  same  electric  force 
in  the  level  position  of  the  instrument,  will  be  less  than  it  will  be 
in  any  position  of  the  instrument  which  throws  the  greater  part  of 
the  weight  on  one  fibre,  or  brings  the  needle  nearer  to  any  part  of 
the  inner  surface  of  the  quadrants  than  it  is  in  its  symmetrical 
position,  which  is  its  position  of  greatest  distance  from  all  the 
quadrants.  To  make  the  test,  the  two  quadrant  terminals  should 
be  connected  to  the  two  poles  of  a  single-cell  battery,  and  the 
deflections  produced  upon  the  scale  compared,  while  the  instrument 
is  set  at  different  levels,  by  screwing  one  or  more  of  the  three  feet 
on  which  it  is  supported.  At  each  observation  the  extreme  range, 
or  difference  of  readings  got  by  reversing  the  battery,  should  be 
noted.  If  the  range  diminishes  as  one  side  of  the  instrument  is 
raised,  the  suspending  fibre  on  that  side  must  be  drawn  up,  by 
turning  very  slightly  the  small  pin  c  or  d  (Fig.  172,  page  388), 
round  which  it  is  wound,  and  another  sei  ies  of  observations  taken  in 
the  same  manner,  beginning  with  the  instrument  levelled.  Instead 
of  drawing  up  one  fibre,  the  other  may  be  let  down,  to  keep  the 
needle  midway  between  the  upper  and  under  surfaces  of  the  quad- 
rants, and  after  each  alteration  of  the  suspension  it  will  be  neces- 
sary to  readjust  the  screws  a,  h  (Fig,  172,  page  388),  to  make  the 
black  line  on  the  needle  hang  exactly  midway  between  the  quad- 
rants when  the  needle  is  undisturbed  by  electricity.  It  will  be 
observed  also  that  the  charge  of  the  jar  is  lost  by  touching  these 
screws,  unless  the  insulated  key  is  used.  They  are  reached  with- 
out taking  off  the  lantern  by  screwing  out  a  vulcanite  plug  in  the 
glass  window  in  front  of  them. 

In  deflecting  the  instrument  much  from  its  level  position,  the 
guard  tube  may  be  brought  into  contact  with  the  wire  hanging 
from  the  needle,  and  the  movements  of  the  latter  be  thus  interfered 
with  by  friction.  When  the  needle  vibrates  freely,  it  will  be  ob- 
served that  the  image  comes  to  rest  in  any  position  to  which  it  may 
be  deflected,  after  vibrating  with  constant  period  and  gradually 
diminishing  range  on  each  side  of  this  position  of  rest.  The  occur- 
rence of  friction  is  shown  by  the  needle  coming  to  rest  abruptly,  or 
vibrating  more  quickly  than  proper.  The  reading  obtained  under 
these"  circumstances  is,  of  course,  of  no  value.  The  quicker  vibra- 
tions obtained  in  using  the  induction  plate  must  not  be  mistaken 
for  vibrations  indicating  friction,  from  which  they  may  be  easily 
distinguished  by  their  regularity. 

If,  as  may  possibly  happen,  the  process  of  observing  the  deflec- 
tions at  different  levels,  and  drawing  up  the  fibre  on  that  side 
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which  is  being  raised  while  getting  less  sensibility,  should  only 
lead  the  operator  to  draw  up  one  fibre  till  it  bears  the  whole 
weight,  while  the  other  is  seen  to  hang  loosely,  he  should  adjust 
them  as  nearly  as  he  can  by  the  eye  to  bear  an  equal  share  of  the 
weight,  and  examine  the  position  of  the  needle  by  looking  through 
the  glass  of  the  jar  just  below  the  rim,  the  two  quadrants  in  front 
of  the  mirror  being  drawn  out,  and  the  lantern  taken  oflF  to  let  in 
plenty  of  li^ht.  He  will  probably  find  that  the  needle  leans 
slightly  downwards  relatively  to  the  quadrants  on  that  side  which 
he  was  drawing  up  while  getting  smaller  deflections.  To  correct 
this  is  a  delicate  operation,  which  should  only  be  attempted  by  a 
very  careful  opei  ator.  Though  perfect  symmetry  of  suspension  is 
aimed  at,  it  is  not  essential  to  the  utility  of  the  instrument.  If  it 
be  desired  to  make  the  correction,  first  secure  the.  needle  as  during 
transit ;  take  off  the  cover,  and  while  it  is  held  by  a  careful  assist- 
ant, or  properly  supported  in  a  position  in  which  it  may  be 
levelled,  remove  the  lower  guard  tube  (the  wide  brass  tube 
hanging,  down  the  centre)  after  screwing  out  the  small  pin  in  its 
neck.  It  will  be  observed  that  the  upper  and  narrower  guard  tube 
consists  of  two  semi-cylindrical  parts  united.  The  part  in  front 
may  now  be  removed  by  taking  out  the  two  screws  which  fasten  it 
at  the  top,  and  the  platinum  wire  which  carries  the  needle  may  be 
examineH.  If  it  has  got  bent  it  must  be  straightened ;  if  not,  it 
may  be  bent  carefully  just  above  the  needle,  so  as  to  raise  that  end 
of  the  needle  which  was  observed  to  hang  lowest.  If  the  cover  be 
supported  so  that  it  may  be  levelled,  the  needle  may  be  set  free, 
and  the  operator  may  observe  whether  he  has  succeeded  in  making 
it  hang  parallel  to  the  surfaces  above  and  below  it.  The  needle  must 
not,  however,  be  allo^y^ed  to  hang  by  the  fibres,  while  bending  the 
platinum  wire,  or  while  removing  or  replacing  the  guard  tubes. 

The  works  being  replaced,  the  process  of  observing  the  deflec- 
tions at  different  levels  and  adjusting  the  tension  of  the  fibres 
should  be  repeated,  with  the  view  of  getting  minimum  sensibility 
in  the  level  position. 

The  two  unoccupied  holes  bored  through  the  cover  and  flange 
of  the  jar  are  intended  to  receive  the  square-pointed  keys,  when 
not  in  use. 

Grades  of  Sensitiveness. 

439.  There  are  several  ways  of  making  the  connections  to  the 
terminals  of  the  quadrants,  frame,  and  induction  plate,  so  as  to  get 
various  degrees  of  sensitiveness  for  measuring  potentials  of  various 
strengths. 
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Ut  Orade, 

The  following  is  the  most  Bensitive  arrangement,  such  as  would 
be  used  for  measuring  a  potential  of  about  1  volt : — 

One  pole  of  the  battery  would  be  connected,  through  the 
medium  of  a  reversing  key  (Fig.  1 74,  page  394),  to  one  quadrant 
terminal,  and  the  other  to  the  frame  of  the  instrument  and  to  the 
second  quadrant  terminal.  This,  by  reversing  the  key,  would 
give  about  50  divisions  on  either  side  of  the  360,  equal  to  100 
in  all. 

2nd  Grrade. 

Leaving  one  pole  of  the  battery  to  the  frame,  the  next  degree 
of  sensitiveness  is  obtained  by  disconnecting  the  pair  of  quadrants 
that  are  connected  to  the  frame,  the  electrode  being  raised  for  the 
purpose;  the  other  connections  must  be  the  same  as  in  the  last 
case.  By  this  arrangement  the  needle  is  acted  upon  by  one  pair 
of  quadrants  only. 

440.  By  using  the  induction  plate  we  may  still  further  diminish 
the  sensitiveness  of  the  instrument.  For  instance,  when  we  con- 
nect the  pole  of  the  battery  to  a  pair  of  quadrants,  those  quadrants 
take  the  potential  that  it  has ;  but  if  we  connect  it  to  the  induc- 
tion plate,  then  the  charge  in  the  quadrant  below  is  only  an 
induced  one,  and,  since  there  is  an  interval  between  the  plate  and 
the  quadrant,  this  induced  charge  will  be  small,  and  the  effect  on 
the  needle  proportionally  small.  Again,  if  we  disconnect  one  pair 
of  quadrants,  and  connect  the  wire  from  the  battery  to  the  induc- 
tion plate  and  to  the  corresponding  quadrants,  then  the  charge  will 
be  partially  hound.  The  effect  on  the  needle  will  therefore  be  less 
still.  The  actual  number  of  grades  of  sensitiveness  with  the 
induction  plate  are  as  follows :  — 

3rd  Orade. 

One  pair  of  quadrants  connected  to  one  pole  of  battery.  Induc- 
tion plate  and  second  pole  of  battery  connected  to  frame.  Second 
pair  of  quadrants  disconnected  by  raising  electrode. 

ith  Grade. 

One  pair  of  quadrants  connected  to  one  pole  of  battery,  and 
albo  to  induction  plate.  Second  pole  of  battery  connected  to  frame. 
Second  pair  of  quadrants  disconnected  by  raising  electrode. 
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6th  Grade, 

Induction  plate  connected  to  a  pole  of  battery.  One  pair  of 
quadrants  and  second  pole  of  battery  connected  to  frame.  Second 
pair  of  quadrants  disconnected  by  raising  electrode. 

6/^  Grade. 

Induction  plate  connected  to  pole  of  battery.  Second  pole  of 
battery  connected  to  frame.  Both  pairs  of  quadrants  disconnected 
by  raising  the  electrodes. 

441.  We  can  in  each  of  the  foregoing  cases  interchange  the  ter- 
minals of  the  quadrants,  that  is  to  say,  we  can  use  the  left  terminal 
where  we  used  the  right,  and  vice  versa, 

442.  There  is  one  more  point  to  mention  in  connection  with 
the  instrument,  and  that  is,  that  it  may  be  found,  on  raising  one 
of  the  electrodes  to  disconnect  it  from  the  quadrants,  that  the  act 
of  doing  so  causes  the  image  on  the  scale  to  deviate  a  few  degrees 
from  zero  in  consequence  of  a  charge  being  induced  thereby. 

In  the  most  recent  form  of  instrument  there  is  a  small  milled 
Tulcanite  head  provided,  by  turning  which  the  quadrants  are 
connected  to  the  frame,  and  the  charge  being  thereby  die>sipated, 
the  image  returns  to  zero.  When  this  is  done  the  milled  head 
must  be  turned  back  before  commencing  to  test  again. 

The  Use  of  the  Electrometer. 

443.  The  electrometer  can  be  used  in  every  test  where  a  con- 
denser is  usually  employed. 

In  using  the  condenser  we  have  to  charge  it,  and  then  note  its 
discharge  on  the  galvanometer,  which  gives  the  potential.  With 
the  electrometer  we  have  simply  to  connect  to  its  terminals  the 
wires  which  would  be  connected  to  the  condenser,  and  the  per- 
manent deflection  on  the  scale  gives  us  the  potential,  which  can 
be  observed  at  leisure. 

Thus  in  measuring  the  resistance  of  the  battery  by  the  method 
given  on  page  331  (§  357),  we  should  first  connect  the  battery 
wires  to  the  electrometer  (through  the  medium  of  the  reversing 
key  is  best),  note  the  deflection,  then  insert  the  shunt,  again  note 
the  deflection,  and  calculate  from  the  formula. 

The  great  value  of  the  electrometer,  however,  lies  in  the  fact 
>L  its  enabling  us  to  notice  the  continuous  fall  of  charge  in  a  cable 
and  not,  like  the  condenser  method,  merely  to  determine  what  the 
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potential  has  fallen  to  after  a  certain  time.  We  can  see  with 
nnfisdling  accuracy  when  the  charge  has  fallen  to  one-half,  or  any 
other  proportion  we  please. 

We  see,  in  fact,  exactly  what  is  going  on  in  the  cable  at  any 
moment. 

The  connections  for  such  a  test  could  not  weU  be  simpler.  We 
charge  the  cable,  connect  it  to  the  electrometer,  the  frame  being  to 
earth,  and  then  notice  the  deflection  as  it  gradually  falls  down  the 
scale.  We  do  not  even  require  a  battery,  as  we  can  charge  the 
cable  with  a  few  sparks  from  an  electrophorus. 

The  degree  of  sensitiveness  necessary  for  any  particular  cable 
we  can,  of  course,  only  tell  by  experience. 

Measurements  from  an  Inferred  Zero. 

444.  When  very  high  resistances,  such,  for  instance,  as  short 
lengths  of  highly  insulated  cable,  are  measnred  by  the  ordinary 
fall  of  charge  method,  the  fall,  even  in  a  considerable  time,  would 
be  so  small  that  the  test  would  be  an  unsatibfactory  one,  for  the 
difference  between  the  deflection  at  the  beginning  of  the  test,  and 
that  after  the  interval  of  time,  could  only  be  a  small  fraction  of 
the  whole  length  of  the  scale ;  and  if  the  deflections  are  not  accu- 
rately noted,  still  less  can  we  be  satisfied  of  the  correctness  of  our 
result  when  worked  out  from  a  formula. 

By  means  of  a  method  suggested  by  the  late  Professor  Fleeming 
Jenkin,  however,  such  high  resistances  can  be  measured  by  the 
fall  of  charge  test  with  considerable  precision. 

Professor  Jenkin's  improvement  consists  in  virtually  prolong- 
ing the  scale  and  counting  the  divisions  from  an  inferred  zero. 

An  explanation  of  the  method  of  making  the  test  will  best 
show  what  an  inferred  zero  is. 

One  pole  of  the  battery  being  to  earth,  the  other  pole  is  con- 
nected to  one  pair  of  quadrants. 

The  second  pair  of  quadrants  is  connected  to  the  cable. 

By  joining  for  an  instant  the  two  pairs  of  quadrants  together, 
the  cable  and  quadrants  take  the  same  potential ;  therefore,  at  the 
moment  of  disconnecting  them,  the  needle  will  be  at  zero. 

The  potential,  however,  of  the  cable,  and  the  quadrants  con- 
nected to  it,  will  fall,  and  the  needle  be  deflected. 

Suppose,  now,  one  cell  connected  to  the  electrometer  gave  100 
divisions  deflection,  and  suppose  the  battery  which  charged  the 
cable  was  100  colls,  then  if  the  cable  lost  1  per  cent,  of  its  charge, 
the  charge  remaining  would   be  99,  and  as  the  other  quadrant. 
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being  permanently  conneoted  to  the  100  cells,  has  the  potential  of 
100,  the  difference  between  the  two  is  100  —  99  =  1  cell,  which, 
as  we  have  said,  gives  100  divisions.  The  2  per  cent,  loss  wonld 
give  200  divisions,  and  so  on,  whereas  by  the  method  mentioned 
in  §  443,  if  we  get  300  say,  at  first,  then  1  per  cent,  loss  would 
only  move  the  image  down  to  297,  and  2  per  cent,  would  move 
it  down  to  294. 

When  all  the  charge  is  lost,  the  deflection  would  evidently  be 
100  X  100  =  10,000,  which  is  the  inferred  zero.  To  obtain  this 
zero  for  any  particular  battery,  we  should  have  to  get  the  deflec- 
tion from  1  cell  and  then  determine,  by  the  method  given  on  pages 
323  (§  350)  and  335  (§  362),  what  the  electromotive  force  of  the 
testing  battery  is  in  termH  of  the  1  cell.  Then  by  multiplying  the 
1  cell  deflection  by  this  value  we  get  what  we  require. 

The  numbers  representing  the  potentials  we  must  evidently 
get  by  subtracting  the  deflections  on  the  scale  from  the  inferred 
zero. 

To  obtain  the  full  range  of  the  scale  we  should,  at  starting,  get 
the  image  on  the  actual  marked  zero,  which  is,  as  we  have  before 
said,  at  the  end,  and  not  at  the  middle  of  the  scale. 

445.  It  is  possible  to  use  the  electrometer  without  having  the 
acid  of  the  jar  charged.  For  this  purpose  one  pair  of  quadrants 
should  be  connected  to  the  needle ;  by  this  arrangement  the  needle 
becomes  charged  by  the  same  electricity  that  charges  the  quad- 
rants to  which  the  needle  is  connected.  It  will  be  seen,  however, 
that  under  this  condition  the  deflections  will  not  be  directly 
proportional  to  the  potentials  producing  them,  as  the  action  is 
similar  to  that  which  takes  place  in  the  case  of  an  electi'o-dynamo* 
meter  (page  352) ;  the  deflections,  in  fact,  will  be  proportional  to 
the  squares  of  the  potentials. 

The  special  advantage  of  the  foregoing  method  of  using  the 
instrument  is  that  it  enables  rapidly  alternating  potentials  to  be 
measured,  as  in  the  case  with  rapidly  alternating  currents  through 
the  electro-dynamometer. 
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CHAPTER    XV. 
MEASUBEMENT  OF  HIOH  BESISTANCES. 

446.  The  highest  reBistanoe  which  it  is  possible  to  measure  by 
means  of  the  Wheatstone  bridge  described  at  the  commencement 
of  Chapter  VIII.  (page  210),  is  1,000,000  ohms.  It  is  true  that 
some  bridges  have  another  set  of  resistances  in  the  top  row,  which 
will  enable  the  ratio  10  to  10,000  to  be  used,  and  consequently  a 
resistance  of 

10,000  X  10,000  ^  10,000,000  ohms 
10 

to  be  measured ;  but  this  is  not  often  the  case,  and  the  values  of 
resistances  much  greater  than  this  frequently  require  to  be  deter- 
mined. 

For  this  purpose  a  modification  of  the  deflection  method  given 
in  Chapter  I.,  page  6  (§  10),  must  be  adopted. 

447.  Provide  a  single,  and  also  about  100  constant  cells.  Find 
their  respective  electromotive  forces  by  the  discharge  method 
given  on  pages  323  (§  350)  and  335  (§  362).  Thus,  suppose  the 
discharge  taken  from  the  1  cell,  which,  as  we  have  explained, 
should  be  taken  first,  gave  a  deflection  of  300,  the  galvanometer 
shunt  (Sa)  bting  adjusted  for  this  purpose  to  560  ohms.  Suppose 
also  that  the  discharge  from  the  100  cells  in  the  place  of  the  1  cell, 
gave  a  deflection  of  302,  with  a  shunt  (S^)  of  6  ohms ;  then  by 
multiplying  the  302  by 

G  +  St 

Si 

we  get  the  deflection  we  should  have  had  if  no  shunt  had  been 

used ;  this  will  represent  the  electromotive  force  of  the  100  cells. 

In  like  manner,  by  multiplying  the  300  by 

G  +  Sa 

we  get  a  number  representing  the  electromotive  force  of  the  1  cell. 
Taking  the  resistance  of  the  galvanometer  (G)  to  be  5000  ohms. 
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and  giTing  the  other  numerical  values  to  the  quantities,  the  ratio 
of  the  electromotive  force  of  the  1  cell  to  the  electromotive  force  of 
the  100  cells  would  be 

6000  +  660       .^^    6000  +  6       ,^^ 

560—  ^  ^^^  •• 6—  X  ^^2, 

or  as 

2980  :  252,000. 

If  now  we  divide  the  greater  number  by  the  less,  we  get  the 
value  of  the  100  cells  in  terms  of  the  1  cell.  This  value  is  84-6, 
that  is  to  say,  the  100  cells  are  64*  6  times  stronger  than  the  1  cell, 
and  not  100  times.  This  might  arise  from  some  of  the  cells  being 
defective,  or  imperfectly  insulated.  This  does  not  matter,  how- 
ever, so  long  as  we  determine,  as  we  have  done,  how  much  more 
powerful  the  100  cells  are  than  the  1  cell. 

Calculation  may  be  saved  in  the  foregoing  measurement  if  we 
adjust  the  galvanometer,  by  means  of  the  directing  magnet,  so  that 
a  convenient  discharge  deflection  is  obtained  with  the  1  cell  when 
there  is  no  shunt  between  the  terminals  of  the  instrument.  The 
exact  value  of  this  deflection  being  noted,  the  discharge  deflec- 
tioQ  from  the  100  cells  is  next  taken  with  the  ^  shunt  (page  63, 
§  63) ;  then  the  latter  deflection  multiplied  by  100  and  divided  by 
the  first  deflection,  obviously  at  once  gives  the  value  of  the  100 
cellrt. 

448.  Having  found  the  value  of  the  100  cells  in  terms  of  the 
single  cell,  we  next  proceed  to  join  up  the  galvanometer,  with  a 
shunt,  &c.,  between  its  terminals,  in  circuit  with  a  resistance  coil 
and  the  single  cell,  as  shown  by  Fig.  175  (page  406). 

Put  a  resistance  of  10,000  ohms  in  A  B  (a  resistance  of  10,000 
ohms  in  a  separate  box  is  often  used  for  this  measurement),  and 
having  first  inserted  all  the  plugs  in  S,  press  down  the  short- 
circuit  key,  and  proceed  to  remove  some  of  the  plugs,  until  a 
deflection  of,  say,  300  is  obtained,  then  raise  the  key  and  see  if  the 
spot  of  light  comes  back  to  zero  properly ;  if  it  does  not,  then  by 
disconnecting  one  of  the  wires,  see  that  the  cause  is  not  from  the 
short-circuit  key  not  making  proper  contact.  If  this  has  not  the 
required  eflect,  the  adjusting  magnet  of  the  galvanometer  must  be 
slightly  shifted,  and,  if  necessary,  put  a  little  lower  down,  so  ns  to 
ms^e  ^e  needle  a  little  less  sensitive.  After  a  few  trials  this  will 
be  satisfactorily  done,  and  the  spot  of  light  will  always  come  back 
to  the  zero  point  when  no  current  is  passing  through  the  galvano- 
meter. 
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Let  tbe  deflection  be  SOIJ^,  the  shnnt  being  7  obms. 
5000  +  7 


Multiply  301 -6  by 


-,  which  gives  215,700. 


This  is  the  deflection  we  should  get  through  10,000  ohms, 
with  no  shunt  to  the  galvanometer.  There  is  really  in  the  circuity 
besides  the  10,000  ohms,  the  resistance  of  the  1  cdl,  and  also  the 


FiQ.  175. 

resistance  of  the  galvanometer  and  shunt  combined  (which  will 
be  practically  7  ohms),  but  this  will  be  so  small  as  to  be  of  no 
consequence;  it  may,  however,  be  added  on  to  the  10,000  when 
working  out  the  results,  if  preferred. 

Now,  if  we  had  used  the  100  cells  instead  of  the  1  cell,  our 
deflection  would  have  been  84*6  times  as  great  as  it  was  with  the 

1  cell.  If,  then,  we  multiply  215,700  by  84-6  we  shall  get  the 
deflection  obtainable  with  the  100  cells  through  a  resistance  of 
10,000.  This  value  will  be  found  to  be  18,248,000.  Multiplying 
this  number  by  10,000  we  get  the  constant;  this  constant  is 
obviously  the  theoretical  resistance  which  would  give  a  deflection 
of  1  division  with  the  100  cells. 

If  it  is  required  to  use,  say,  200  cells  instead  of  100  only, 
then  in  cases  where  galvanometer  shunts  of  a  fixed  value  (^th, 
^Vth,  Trff^*^)»  o^^y»  ^^^  available,  it  would  be  advisable  to  employ 

2  cells  instead  of  the  1  cell,  for  making  the  test,  so  as  to  cause  the 
deflections  to  be  of  an  approximately  equal  value  (page  101,  §  92) ; 
this  would  not  of  course  alter  the  foregoing  process  of  calculation 
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in  any  way,  it  would  only  result  in  the  numerical  value  of  the 
''constant"  being  different.  The  actual  number  of  cells  used,  it 
may  be  pointed  out,  has  nothing  to  do  with  the  calculations;  in 
fact,  it  ifi  usual  to  speak  of  the  100,  or  200,  cells  as  the  "battery" 
simply.  A  on^-oell  battery  is  used  for  producing  the  permanent 
deflection  through  10,000  ohms,  because  100  cells  would  deflect  the 
spot  of  light  off  the  scale  with  the  lowest  shunt  that  could  be 
used ;  one  cell  happens  to  be  a  convenient  electromotive  force  to 
employ,  but,  as  pointed  out,  it  might  be  preferable  to  use  two,  or 
even  more,  in  certain  cases. 

It  may  be  pointed  out  that  the  constant  deflection  with  1  cell 
through  10,000  ohms  may  usually  be  taken  with  the  ^^^  shunt  in 
the  place  of  a  shunt  of  a  particular  numerical  value  (as  in  the 
foregoing  example) ;  this  simplifies  calculation,  as  we  have  then 
simply  to  multiply  the  constant  deflection  by  1000  instead  of  by 
G  +  8 
S 


Fio.  176. 


Fig.  177. 

449.  The  foregoing  process  is  simplified  by  using  a  resistance 
of  1,000,000  (1  megohm)  in  the  place  of  10,000.  The  constant  can 
then  be  found  with  the  "battery"  at  onoe.     Fig.  176  shows  one 
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form  of  *•  megohm  "  for  this  purpose.  As  it  is  useful  sometimes  to 
be  able  to  use  a  leas  resistance  than  1  megohm,  the  latter  is  some- 
times divided  into  10  resistmces  of  100,000  ohms  each,  as  shown 
by  Fig.  177. 

450.  Having  measured  and  worked  ont  the  constant  (which 
may  be  done  by  the  help  of  logarithmic  tables,*  or  by  means  of  a 
slide  mle  |),  we  insert  the  resistance  which  is  to  be  measured,  in 
the  place  of  A  B,  using  the  100  cells  in  the  place  of  the  1  cell. 
Having  adjusted  S  till  a  deflection  of  300,  of  near  to  300,  is 
obtained,  note  S  and  also  the  deflection.  Let  S  be  2500,  and 
deflection  298.     Then  the  deflection  without  the  shunt  would-be 

«««       5000  4-2500       ^^, 
2^^  ^  — ^60^  ~  =  «^^- 

Dividing  the  •*  constant "  by  this  ntimber,  we  get 

182,480,000,000       L^,/v^^/x.v    i_ 
-       -  g(\.  =  204,100,000  ohms, 

which  is  the  value  of  the  resistance. 

451.  Practically,  we  may  say  the  value  of  the  resistance  is 
204,000,000  ohms,  or  204  n.egohms,  for  inasmuch  as  we  can  only 
be  certain  of  the  values  of  the  observed  deflections  to  3  places  of 
figures,  so  we  can  only  be  certain  of  the  worked  out  values  to  3 
placeH  of  figures.  A  great  deal  of  time  is  often  wasted  in  working 
ont  results  to  5  or  6  places  of  figures  when,  in  the  observations 
necessary  to  obtain  those  results,  it  is  possible  to  be  certain  of  their 
value  to  3  places  only. 

Measurement  of  the  Insulation  Resistance  of  a  Cable. 

452.  In  measuring  the  insulation  resistance  of  a  cable,  the  con- 
stant having  been  taken  in  the  foregoing  manner,  we  should  join 
up  the  galvanomet»ir,  shunt,  short-circuit  key,  reversing  key, 
battery  switch,  battery,  and  cable,  as  shown  by  Fig.  1 78  (page  409).{ 

By  having  both  a  galvanometer  reversing  key  and  a  battery 
switch  the  trouble  of  reversing  the  wires  on  the  galvanometer, 
when  the  battery  current  is  reversed,  is  avoided,  as  it  can  be  done 
more  n^adily  by  means  of  the  key.     The  object  of  reversing  the 

^  Chambers'  *  Mathematical  Tables'  are  those  generally  used. 
t  Fuller's  slide  rule  U  a  partfculnrly  useful  instrument  for  working  out  these 
« -«l<^utations;  besides  being  very  etisy  of  manipulation,  it  is  quite  accurate  to 
])luocs  of  figures,  whilrit  tbc  5th  fii>ure  can  be  closely  approximated  to. 
:  S(o  nUo  'The  Silvertowu  Compound  Key  for  Cable  Testing,'  Chapter 
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galvanometer  connections  when  the  battery  is  reversed  is  to  obtain 
the  deflection  always  on  the  same  side  of  the  scale. 

453.  Both  ends  of  the  core  of  the  cable  must  be  trimmed  by 
means  of  a  sharp  and  clean  knife,  care  being  taken  that  the  outer 
surface  of  the  gutta-percha,  which  has  been  exposed  and  oxidised 
by  the  air,  is  completely  out  away ;  the  clean  surface  thus  exposed 
should  not  be  touched  by  the  fingers.  It  is  a  good  plan  to  coat 
the  trimmed  ends  with  hot  paraffin  wax  (not  oil). 

The  ends  being  thus  carefully  insulated,  and  the  further  end 
left  hanging  free,  so  as  not  to  touch  anything,  the  nearer  end  of 
the  cable  must  be  connected,  through  the  medium  of  the  lead  wire, 


Fig.  178. 

to  the  terminal  screw  of  the  reversing  key,  as  shown  in  Fig.  178, 
care  being  taken  not  to  touch  the  trimmed  end  in  doing  so.  The 
switch  plugs  being  inserted,  the  reversing  key  which  puts  the 
zinc  pole  to  the  cable  must  be  damped  down,  and  (the  short-circuit 
key  being  depressed)  sufficient  resistance  inserted  in  the  shunt  to 
obtain  a  deflection  of  about  300. 

At  the  end  of  a  minute  from  the  time  the  reversing  key  was 
clamped  down,  the  exact  deflection  should  be  noted. 


Electrificatum, 

454.  The  deflection  obtained,  it  will  be  found,  is  not  a  perma- 
nent one,  but  will  gradually  decrease  as  the  current  is  kept  on, 
falling  rapidly  at  first,  and  then  more  slowly,  until  at  length  it 
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l)eooin68  practically  stationary;  the  continued  action  of  the  cur- 
rent, in  fact,  apparently  increases  the  resistance  of  the  dielectric. 
This  phenomenon  is  known  as  Eleeirificatumf  and  its  canse  is  not 
well  understood;  it  seems  to  be  due  to  some  kind  of  polarisa- 
tion.* 

The  following  shows  the  decrease  in  the  deflection  observed 
with  a  piece  of  cable  core  insulated  with  gutta-percha : — 

Mlnutn' 
Elecirificatkm.  Defl«otlon. 

1  ..  ..  ..  205 

2  ..  ..  ..  179 

8  171 

4  ..  ..  ..  164 

6  ..  ..  ..  159 

6  ..      ..      ..     156 

7  ..     154 

8  ..      ..      ..     152 

9  ..      ..      ..     150 

10  ..  ..     148-5 

11      147 

12  ..  ..     145-5 

13     144 

14  ..  ..     14S 

15  ..      ..      ..     142 

455.  Electrification  is  much  more  marked  at  a  low  than  at  a 
high  temperature ;  thus  in  an  actual  experiment  it  was  found  that 
with  a  piece  of  core  (insulated  with  gutta-percha)  at  a  temperature 
of  0""  C.  the  deflection  fell  from  240  to  75  in  90  minutes ;  whereas 
with  the  same  piece  of  core  at  a  temperature  of  24°  G.  the  deflec- 
tion fell  from  240  to  173  only,  in  the  same  time. 

456.  The  late  Mr.  Hockin  verified  the  curious  fact  that  it  is  not 
until  some  hours  after  the  gutta-percha  has  taken  its  temperature 
that  the  resistance  reaches  its  corresponding  value. 

457.  The  rate  at  which  the  deflection  decreases  also  depends 
upon  the  nature  of  the  insulating  material ;  it  is  quicker  in  some 
kinds  of  gutta-percha  than  in  others,  being  generally  smallest  in 
the  best  quality.  In  the  case  of  gutta-percha,  the  rate  of  fall 
between  the  1st  and  2nd  minute  at  a  temperature  of  75°  would 
average  aboat  2  to  5  per  cent.  In  indiarubber  the  decrease  is 
very  rapid,  being  at  75°  as  much  as  50  per  cent,  between  the  Ist 
and  5th  minute. 

*  Although  it  is  usnally  aflsumed  that  the  decrease  in  the  deflection  is  due 
to  an  increase  in  the  resitttanoe  of  the  dielectric,  it  u  very  doubtful  whether  any 
such  change  in  the  resistance  actually  takes  place ;  it  is  more  probable  that  the 
diminution  in  the  deflection  is  caused  entirely  by  an  opposing  electromotiye 
force  of  polarisation,  which  force  increases  (but  at  a  decreasing  rate)  in  strength 
so  long  as  the  batt«}ry  is  kept  on. 
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458.  If  the  cable  or  insulated  wire  nnder  test  is  qnite  sonnd, 
the  electrification  should  take  place  perfectly  regularly,  that  is  to 
say,  the  deflection  on  the  galvanometer  scale  should  decrease 
steadily.  An  unsteady  electrification,  as  a  rule,  is  a  sign  that  the 
insulation  is  defective.  It  sometimes  happens,  however,  that  the 
unsteadiness  is  due  to  the  testing  battery  being  in  a  bad  condition, 
or  not  properly  insulated ;  if,  therefore,  the  electrification  is  such 
as  to  raise  a  suspicion  that  the  insulation  of  the  cable  or  insulated 
wire  under  test  is  not  perfect,  the  battery  should  be  looked  to,  to 
see  whether  it  is  in  proper  order.  An  unsteady  electrification 
may  also  be  caused  by  the  ends  of  the  cable  or  of  the  lead  wire 
not  being  properly  trimmed,  or  from  their  becoming  damp.  Before 
concluding,  therefore,  that  the  cable  is  faulty,  these  points  should 
be  attended  to. 

A  third  cause  of  unsteady  electrification  occasionally  exists  in 
factories;  this  is  due  to  induced  currents  set  up  by  the  movement 
of  the  machinery  in  the  proximity  of  the  tanks  in  which  the  cable 
is  coiled.  When  a  cable  is  being  tested  on  board  ship,  the  rolling 
of  the  latter  induces  comparatively  strong  currents  in  the  cable, 
and  causes  the  galvanometer  deflections  to  be  very  erratic.  The 
effects  of  these  currents,  in  both  cases,  may  be  completely  got  rid 
of  by  the  simple  device  suggested  by  the  late  Mr.  J.  May,  of  the 
Telegraph  Construction  Company,  of  making  the  insulation  test 
with  both  ends  of  the  cable  connected  to  the  testing  apparatus, 
instead  of  with  one  end  only. 

459.  Although  the  deflections  after  the  1st  and  2nd  minute 
with  a  zinc  current  are  usually  all  that  is  necessary  when  testing 
each  of  the  lengths  of  core  (about  2  knots)  of  which  a  cable  is 
composed,  or  when  testing  a  cable  during  manufacture,  yet, 
when  the  cable  is  complete  a  more  elaborate  teat  requires  to  be 
made. 

460.  Now  it  is  found  with  a  good  cable,  that  if  the  battery  be 
taken  off  after  electrification  has  proceeded  for  some  time,  and  the 
cable  be  put  to  earth  through  the  galvanometer,  a  continually 
decreasing  current  will  flow  through  the  latter  back  from  the 
cable.*  Now  if  the  deflection  (called  the  '*  Earth  Beading ")  be 
noted  exactly  1  minute  after  the  battery  current  is  taken  off,  then 
the  value  of  this  deflection  added  to  the  reading  taken  just  at  the 
moment  when  the  battery  was  taken  off  (that  is,  the  last  electri- 
fication reading),  will  equal  the  deflection  observed  after  1  minute's 
electrification  of  the  cable.    And,  again,  the  earth  reading  at  the 

*  Compare  with  note  on  page  410. 
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end  of  2  minutes  if  added  to  the  last  electrification  reading,  will 
eqoal  the  deflection  obtained  after  2  minutes'  electrification,  and  so 
on.  Thus  the  '* earth  readings"  obtained  from  the  cable  referred 
to  on  page  410  were  as  follo¥n9 : — 

Suth  RMdtngs. 
After  1  minute         ..  ..  ..  59 

M     2miiiiite8       ..  ..  ..  38 

.,     3      , 80 

„     4       „  25 

The  last  electrification  reading  (at  the  15th  minute),  it  will  be 
seen,  was  142;  if  we  add  to  this  the  1st  minute  earth  reading, 
▼iz.  59,  we  get  142  +  59  =  201,  which  is  approximately  the  same 
as  the  Ist  minute  electrification  reading,  viz.  205.  Again  the  last 
electrification  reading  added  to  the  2nd  minute  earth  reading, 
viz.  38,  gives  142  +  38  =  180,  which  is  approximately  the  same 
as  the  2nd  minute  electrification  reading,  viz.  179.  If  great  care 
is  taken  to  read  the  deflections  at  the  exact  termination  of  the 
minute  intervals,  the  calculated  and  observed  values  will  agree 
much  more  closely  than  in  the  actual  examples  just  given.  Con- 
siderable skill,  however,  is  required  in  making  the  observations, 
as  the  fall  in  the  deflection  being  very  rapid  at  first,  it  may  happen 
that  the  observed  deflections  are  three  or  four  di^asions  too  much 
or  too  little,  in  consequence  of  the  observations  being  made  a 
second  too  soon  or  too  late.  The  relation  between  the  electri* 
fication  and  earth  readings,  as  has  been  before  stated,  will  only 
hold  good  if  the  cable  is  sound,  and  the  accordance  between  the 
two  may  therefore  be  taken  as  an  index  of  the  good  condition  of 
the  cable.  It  is  not  always  the  case,  however,  that  the  earth 
readings  are  noted. 

The  process  of  manipulation  for  taking  the  earth  readings  is 
as  follows: — A  few  seconds  before  the  completion  of  the  last 
minute  for  electrification  (usually  the  15th  minute)*  the  last 
electrification  reading  is  noted  and  the  galvanometer  short-circuit 
key  is  raised,  then  exactly  at  the  termination  of  the  minute,  one 
of  the  battery  switch  plugs  is  removed  and  placed  in  the  adjacent 
hole,  so  that  the  battery  becomes  disconnected,  and  the  galvano- 
meter  terminal  connected  to  earth.  The  galvanometer  short- 
circuit  key  being  then  depressed  the  current  flows  through  the 
galvanometer,  and  the  readings  are  taken  at  the  exact  termination 

*  The  fall  in  the  deflection  is  bo  slow  after  about  the  10th  minute  that  the 
actual  defloi'tion  at  tlie  exaot  termination  of  the  I5th  minute  would  be  practically 
the  same  as  it  was  a  few  seconds  before  that  time. 
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of  eaoh  snccessive  minute,  the  let  minnte  being  counted  from  the 
time  the  battery  was  taken  off.  It  is  not  nsnal  to  take  more  than 
5  earth  readings. 

Electrification  readings  are  next  taken  with  the  copper  pole  of 
the  battery  connected  to  the  cable.  For  this  purpose  the  second 
reversing  key  of  the  galvanometer  should  be  clamped  down,  and 
the  first  one  released,  so  as  to  reverse  the  instrument ;  the  plugs 
of  the  battery  switch  should  then  be  inserted  so  that  the  battery 
sends  its  current  to  the  cable  in  the  reverse  direction  to  that  it  did 
at  first;  this  being  done,  the  deflections  on  the  galvanometer 
should  be  noted  at  intervals  of  a  minute,  as  before,  until  the 
same  number  of  readings  are  obtained.  The  readings  in  this  case 
should  be  the  same  as  those  observed  when  the  zinc  pole  was 
joined  up,  that  is,  provided  the  cable  is  sound,  and  also  provided 
it  is  free  from  any  absorbed  charge  when  the  current  is  put  on. 
The  current  which  causes  the  earth  deflections,  however,  continues 
for  a  considerable  period,  and  therefore  to  render  a  cable  neutral 
after  it  has  been  tested  with  any  particular  current  it  requires  to 
be  put  to  earth  for  a  certain  time,  which  varies  according  to  the 
length  of  the  cable.  If  the  latter  is  not  more  than  10  or  15  miles 
long,  half  an  hour  will  usually  be  suflBcient  to  render  it  neutral, 
but  greater  lengths  require  a  proportionately  longer  time.  It  can 
easily  be  seen  when  the  absorbed  charge  is  got  rid  of,  for  if  the 
cable  is  neutral  no  deflection  will  be  observed  on  depressing  the 
short-circuit  key,  but  if  a  charge  is  still  retained  a  slight  constant 
deflection  will  be  produced. 

461.  When  the  cable  is  put  to  earth  great  care  must  be  taken 
that  the  short  circuit  key  K  (Fig.  176,  page  406)  is  first  raised, 
otherwise  the  whole  static  discharge  (which  is  quite  distinct  from 
the  current  which  causes  the  earth  deflections)  will  pass  through 
the  galvanometer  coils  and  the  needles  may  be  demagnetised  or,  at 
least,  their  magnetic  power  be  altered. 

462.  Although  it  is  advisable  if  possible  to  take  a  set  of  readings 
with  a  zinc  and  with  a  copper  current,  the  cable  being  neutral  in 
both  cases,  yet  if  time  is  an  object  the  test  with  the  copper  cuiTent 
(which  is  usually  made  after  the  test  with  the  zinc  current)  can 
be  taken  before  the  earth  current  due  to  the  zinc  tet^t  has  ceased. 
In  this  case,  however,  the  average  readings  will  be  higher  than 
would  be  the  case  if  the  cable  were  neutral,  in  fact  if  we  take  the 
last  of  the  earth  readings  observed  in  the  case  of  the  zinc  test,  and 
we  deduct  it  from  the  first  minute  electrification  reading  of  the 
copper  test,  then  the  result  should  approximately  equal  the  first 
minute  electrification  reading  of  the  zinc  test.    Thus  in  the  case  of 
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the  cable  the  zinc  readings  on  which  were  given  on  page  410,  the 
electrification  readings  obtained  with  the  copper  pole  of  the  battery 
connected  to  the  cable,  were  as  follows : — 


Minates' 

Electriflcatlon. 

Oeflpctlon. 

1               ....               , 

227 

2              

200 

3             ....             . 

189 

4             ....             . 

182 

5             ....             . 

178 

6             ....              . 

174 

7             

171 

8             

168 

9             ....              . 

165 

10 

163 

n 

161 

12             

159 

13             

157 

H             

156 

15             

155 

Now  the  last  earth  reading  taken  in  the  case  of  the  zinc  test 
(page  412)  was  22,  and  this  deducted  from  227  (the  first  copper 
electrification  reading)  gives  205,  which  is  the  first  zinc  electrifica- 
tion reading  (page  410). 

In  making  the  test  in  practice,  as  soon  as  the  last  earth  reading 
of  the  zinc  test  is  observed,  the  galvanometer  short-circuit  key 
tihould  be  raised  and  the  battery  reversed,  then  one  minute  after 
this  moment  the  first  electrification  reading  should  be  noted. 

When  a  copper  current  test  is  made  in  the  foregoing  manner, 
that  is  to  say  with  the  cable  not  neutral,  we  cannot  compare  all 
the  copper  with  all  the  zinc  readings,  as  it  would  be  necessary  to 
make  a  deduction  from  each  of  the  former ;  but  inasmuch  as  these 
deductions  would  have  to  be  less  and  less  from  each  successive 
reading  (for  the  earth  current  which  causes  the  copper  reiiding  to 
average  lower  than  the  zinc  reading  is  a  continually  decreasing 
quantity)  and  as  we  do  not  know  at  what  rate  the  diminution 
takes  p]ace  we  cannot  make  the  comparison;  the  uniformity  of 
the  electrification,  however,  and  the  approximate  agreement  be- 
tween the  first  minute  zinc  reading,  and  the  first  minute  copper 
reading  minus  the  last  zinc  earth  reading,  is  sufficient  to  indicate 
the  condition  of  the  cable  under  test. 

When  all  the  electrification  readings  with  the  copper  current 
are  observed,  a  set  of  earth  readings  should  be  taken  as  in  the  case 
of  the  zinc  current  electrification  test.  The  first  earth  reading 
added  to  the  last  electrification  reading  should,  in  this  case, 
approximately  equal  the  firbt   zinc  electrification    reading.      In 
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the  cable  in  question  the  actual  earth 

readings  observed  were  as 

follows : — 

After  1  minute 
„     2  minateB 
„     3       „ 
«     4 

M         5             ft 

Earth  Readings. 
50 
28 
21 
17 
U 

It  will  be  seen  that  in  this  case  the  first  earth  reading,  viz.  50, 
adiled  to  the  last  electrification  reading,  viz.  155,  is  205,  which  is 
the  same  as  the  first  zinc  electrification  reading. 

463.  If  there  is  not  time  to  take  readings  both  with  the  zinc 
and  copper  currents  the  zinc  should  be  the  one  employed,  as  in 
the  case  of  a  fault  it  renders  the  latter  more  apparent,  the  copper 
current  having  the  effect,  to  a  certain  extent,  of  sealing  up  a 
defect. 

The  measurements  being  made,  the  resistance  at  the  end  of  the 
firtit  minute  with  the  zinc  current,  and  the  percentage  of  electrifica- 
tion between  the  first  and  second  minute  and  (in  the  case  of  a 
completed  cable)  also  between  the  Ist  and  last  (usually  the  15th 
minute)  should  be  worked  out.  It  is  not  usual  or  necessary  to 
carry  the  calculations  beyond  this. 

Price's  Method  of  Correcting  for  Surface  LeaJcage. 

464.  This  methed,  devised  by  Mr.  W.  A.  Price,  is  shown  by 
Fig.  179.    A  A  are  the  two  ends  of  a  coil  of  cable  brought  out  of 


the  tank  of  water  in  which  the  coil  is  immersed.  The  ends  are 
shown  trimmed  into  long  tapering  cones  in  the  usual  way,  so  as  to 
expose  a  large  clean  surface  of  the  dielectric,  as  well  as  the  ends, 
B  B,  of  the  conductor.  C  C  is  a  thin  copper  wire  wound  closely 
two  or  three  times  round  the  middle  of  the  taper  ends,  and  con- 
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nected  as  shown.  Then  if  the  resistances  of  the  snrface  films  on 
6,  C,  B,  C,  are  large  compared  with  that  of  the  galvanometer, 
B,  0,  B,  G,  are  all  at  the  same  potential,  and  no  leakage  will  take 
place  from  B,  B,  over  the  trimmed  surfaces. 

If  the  conductivity  a  of  the  film  between  B  and  C  is  comparable 
with  that  of  the  galvanometer,  g,  the  galvanometer  deflection  will 
be  reduced  in  the  proportion  of  ^  :  a  +  y,  aud  must  be  multiplied 

<x  -4-  y 

by to  obtain  the  correct  result. 

7 

A  practical  test  of  this  method,  applied  to  a  piece  of  sound 
gutta-percha  core  immersed  in  water,  showed  the  following 
result : — 

The  ends  were  carefully  cleaned  and  trimmed,  and  projected 
from  the  water  by  several  feet.  The  counections  were  made  first 
without  any  guard  wire,  and  20  divisions  of  deflection  were  obtained 
on  the  galvanometer  scale,  indicating  a  dielectric  resistance  of 
13,000  megohms.  The  ends  were  lowered  into  the  water  till  only 
a  few  inches  remained  exposed,  and  these  were  rubbed  with  black 
lead.  The  galvanometer  deflection  increased  to  124,000  divisions 
(124  with  -Y^isjs  shunt).  The  guard  wire  was  then  connected 
without  any  other  alteration,  and  the  deflection  obtained  was 
20  divisions  as  before. 

Equally  clear  results  were  obtained  by  connecting  an  artificial 
leak  of  known  resistance  (one  megohm)  between  the  conductor 
and  the  earth,  and  joining  the  guard  lead  to  diflerent  points  of  it. 

466.'  Price's  method,  it  has  been  pointed  out  by  Mr.  H.  Savage 
(Electrician  at  Messrs.  Henley's  Works,  North  Woolwich),  may  be 
applied  with  great  advantage  for  preventing  instrument  leakage 
when  testing  in  damp  weather.  This  leakage  causes  considerable 
trouble,  rendering  accurate  testing  impossible.  It  will  generally 
be  found  that  the  greatest  trouble  is  with  the  galvanometer,  as 
while  the  keys  and  shunt  box  may  be  insulated  by  placing  them 
on  blocks  of  paraffin  wax,  it  is  difficult  and  undesirable  to  move 
the  galvanometer  to  take  this  special  precaution,  and  despite  any 
amount  of  drying  the  galvatjometer  persistently  leaks.  This 
trouble  may  be  avoided  in  the  following  simple  way: — Connect 
the  levelling  screws  of  the  galvanometer  together  and  join  them 
to  the  insulated  terminal  of  the  battery  key.  Of  course,  the  gal- 
vanometer will  require  to  be  insulated  to  avoid  short-circuiting 
the  battery,  but  this  is  already  usually  done  by  standing  the 
galvanometer  on  ebonite  buttons,  or  suspending  it  by  rubber  tubes. 
This  guard  wire  method  succeeds  where  the  ordinary  methods 
fail  by  reason  of  moisture  on  the  surface.  Of  course,  the  same 
system  might  be  extended  to  the  shunt  box,  &c.,  due  care  being 
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takeu  to  avoid  accidental  contact.  Dnring  damp  weather  x  a 
leakage  of  200  scale  diviBions  with  750  volts  was  reduced  to  one 
division  by  this  method. 

466.  When  the  cable  is  connected  to  the  testing  instruments 
by  a  long  leading  wire,  then  at  the  commencement  of  the  test 
the  end  of  the  lead  should  be  disconnected  from  the  cable,*  and 
insulated ;  if  any  deflection  is  observable  on  the  galvanometer 
when  the  battery  current  is  put  on,  this  deflection  must  be  sub- 
tracted from  the  deflection  obtained  when  the  cable  is  attached  to 
the  lead.  In  making  this  correction  care  must  be  taken  that  the 
same  shunt  (if  any)  is  connected  to  the  galvanometer  as  will  be 
employed  when  the  cable  is  connected  to  the  lead,  or  if  no  shunt 
is  used  with  the  lead  then  the  necessary  allowance  for  this  must 
not  be  forgotten  to  be  made. 

The  ends  of  the  lead  must  be  trimmed  in  the  same  manner  as 
the  ends  of  the  cable. 

The  practical  way  of  noting  down  and  working  out  these  tests 
will  be  found  in  Chapter  XXVI. 

467.  At  the  works  of  Messrs.  Siemens  and  Co.,  Charlton,  the 
method  which  has  been  described  of  testing  the  completed  cable 
is  not  generally  adopted,  the  following  test  being  preferred: — 
The  testing  battery  is  applied  through  a  galvanometer  to  the  cable 
in  the  usual  way,  and  readings  for  five  consecutive  minutes  with 
the  zinc  pole  of  the  battery  to  the  cable  are  observed,  the  battery 
is  then  immediately  reversed  and  five  more  minute  readings  taken ; 
the  battery  is  then  again  reversed,  and  so  on  until  six  sets  of  five 
minute  readings  have  been  noted,  viz.  three  with  a  zinc  and  three 
with  a  copper  current,  taken  alternately.  If  the  cable  is  in  good 
condition,  then  the  last  two  sets  of  readings  should  be  identical  in 
value. 

Shunt  Tables. 

468.  When  a  large  number  of  cables  have  to  be  tested  daily  at 
a  factory,  any  contrivances  or  methods  for  shortening  calculations 
are  of  great  value.  Now  the  use  of  shunts  of  different  values  for 
obtainiDg  readable  deflections  on  the  galvanometer  scale  with 
different  cables  is  continual,  and  the  working  out  of  the  multi- 
plying powers  of  these  shunts  is  a  somewhat  tedious  operation 
when  a  large  number  have  to  be  calculated.  If  the  resistance  of 
the  galvanometer  used  for  making  the  tests  were  constant,  a  small 
table  could  easily  be  calculated  which  would  show  the  multiplying 
power  of  any  particular  shunt  at  a  glance ;  but  the  resistance  of  a 
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galvanometer  varies  oonfliderably  with  change  of  iemperatare,  and 
therefore  under  ordinary  oonditionB  a  table  of  the  kind  cannot  be 
employed. 

46  i).  A  very  simple  method  of  getting  over  the  foregoing  diffi- 
culty, devised  by  Mr.  Herbert  A.  Taylor,  is  in  use  in  the  testing 
rooms  of  the  Telegraph  Construction  and  Maintenance  Company. 
The  method  is  to  have  a  small  adjustable  set  of  resistance  coils 
directly  in  circuit  with  the  galvanometer,  so  that  the  resistance 
of  the  latter  can  practically  be  always  preserved  the  same. 

The  resistance  of  the  ordinary  reflecting  galvanometer  usually 
averages  between  5000  and  6000  ohms;  by  having  the  galvano- 
meter wound,  therefore,  so  that  in  the  hottest  weather  the  latter 
value  is  never  exceeded,  and  by  having  a  set  of  resistance  coils 
adjustable  from  1  up  to  about  1000  ohms,  the  resistance  in  the 
circuit  can  always  be  kept  up  to  6000  under  all  conditions,  and, 
therefore,  a  table  giving  the  multiplying  power  of  shunts  for  a 
galvanometer  of  6000  ohms  resistance  can  always  be  made  use 
of.  Tables  of  this  description  will  be  found  at  the  end  of  the 
book.  The  tables  also  give  the  combined  resistance  of  the  gal- 
vanometer and  shunt,  which  may  sometimes  be  required  to  be  taken 
into  account. 

470.  In  the  insulation  testing  of  submerged  cables  the  effects 
of  earth  currents  are  often  to  render  the  readings  somewhat 
unsteady,  so  that  considerable  discrimination  is  required  to  deter- 
mine whether  the  observed  unsteadiness  is  due  to  this  cause  or  to 
the  existence  of  a  fault.  In  the  case  of  single  cored  cables  there  is 
no  method  of  eliminating  these  effects  of  earth  currents,  but  if  the 
cable  is  multiple-cored  then  Mr.  P.  Jacob  points  out  that  by  a 
simple  device  the  earth  current  difficulty  can  be  entirely  elimi- 
nated and  excellent  results  obtained.  This  device  consists  in 
testing  two  of  the  cores  at  the  same  time,  the  second  core  being 
connected  to  the  pole  of  the  battery  which  in  the  ordinary  insula- 
tion test  is  put  to  earth,  and  the  battery  being  well  insulated.  In 
this  case  the  total  measured  insulation  of  the  two  cores  is  double 
that  of  a  single  core,  hence  the  mean  insulation  per  mile  of  the 
total  length  of  two  cores  will  be  the  total  measured  insulation 
multiplied  by  one-half  the  length  of  one  core. 

471.  Mr.  Jacob  further  points  out  that  this  method  may  be 
applied  in  other  tests,  those  for  capacity,  for  example,  it  being 
only  requisite  to  replace  all  the  connections  which  are  usually  put 
to  earth,  by  connections  to  the  other  core,  the  distant  ends  of  the 
two  cores  of  course  being  left  separated  and  insulated.     In  this 
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case,  since  the  two  cores  are  in  series,  the  joint  capacity  of  the  two 
will  be  one-half  that  of  a  single  core,  so  that  the  capacity  of  one 
core  will  be  double  thit  of  the  total  measared  capacity. 

If  a  condenser  of  large  capacity,  i.e.  of  a  capacity  not  greatly 
disproportionate  to  the  total  capacity  nnder  test,  is  available,  the 
earth  current  efifect  conld  probably  be  greatly  reduced  by  inter- 
posing this  condenser  between  the  testing  apparatus  and  the  cable 
under  test.  In  this  case  if  Fj  be  the  capacity  of  the  cable,  F,  the 
capacity  of  the  condenser,  and/  the  joint  capacity  (in  cascade)  of 
the  two,  then  (page  31®,  §  330), 

hence 

472.  As  multiple  core  cables  usually  have  not  less  than  three 
cores,  by  making  a  series  of  tests  in  the  manner  indicated  for 
conductor  resistance  tests,  page  256,  the  individual  insulation 
resistance  of  each  wire  can  be  obtained  in  a  precisely  similar  way. 
If  two  separate  cables  which  lie  between  the  same  termini  are 
tested  on  Mr.  JacoVs  plan,  the  readings  obtained  will  be  much 
steadier  than  when  .each  cable  is  tested  separately  in  the  ordinary 
manner,  but  they  will  seldom  be  absolutely  steady,  showing  how 
local  and  variable  the  earth  current  changes  are.  In  order  to 
ascertain  the  individual  insulation  of  each  cable  by  a  test  of  this 
kind,  the  approximate  relative  values  of  the  insulation  of  each 
cable  can  be  ascertained  by  balancing  one  cable  against  the  other 
in  a  Wheatstone  bridge,  and  then  dividing  the  total  observed 
insulation  of  the  two  in  the  proportion  of  these  relative  values. 

473.  It  may  be  mentioned  that  it  has  been  proved  experimen- 
tally *  that  the  insulation  resistance  of  a  cable  core  or  insulated 
wire  in  perfect  condition  is  the  same  whether  it  is  measured  with 
a  low  or  with  a  high  battery  power.  It  has  been  stated,  however, 
that  this  is  not  the  case  when  the  power  is  of  several  thousand 
volts  potential. 

•  The  'Electrical  Review,*  April  11th,  1890,  page  393;  'Journal  of  the 
Institation  of  Electrical  Engineers,'  No.  95,  page  620. 
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OHAPTEB  XVI. 
MEASUBBIMENT  OF  BESISTANCES  BY  POTENTIALS. 

474.  There  are  two  distmot  ways  of  measuring  resifltanoeB  by 
potentials : — 

Ist.  By  noting  the  fall  of  potential  along  a  Imown  resistance 
with  which  the  unknown  resistance  is  in  connection. 

2nd.  By  noting  the  rate  at  which  a  condenser,  of  a  Imown 
capacity,  loses  its  potential  when  it  discharges  itself  through  the 
unknown  resistance. 


Fall  of  Potential  Method. 

475.  If  we  connect  a  battery  to  a  resistance  R  +  «,  as  shown 
by  Pig.  180,  the  potential  of  the  battery  may  be  regarded  as  * 
falling  regularly  along  the  resistance,  being  fuU  at  a  and  zero 


Fig.  180. 


at  e.    The  same  would  be  the  case  if  c  and  d  were  connected 
together  instead  of  being  put  to  earth.     By  similar  triangles  we 

have 

V  :  ©  : :  B  +  a? :  «, 

therefore 


or 


V«  =  cB  +  f7«, 

a?  ( V  -  f?)  =  R  r, 
•  Soe  Chapter  XI.,  page  320,  §  344. 
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from  wliioh 


»  =  Bv4-„'  W 


Y  being  the  potential  at  a,  and  v  the  potential  at  5.  So  that,  if 
B  is  a  known  resistance,  we  can — ^by  observing  the  valnes  of  V 
and  V — determine  the  value  of  x. 

For  example. 

If  B  =  1000  ohms,  V  =  300,  and  v  =  200,  then 

X  =  1000  ^^J^^^^^^  =  2000  ohms. 
300  -  200 

476.  The  relative  values  of  the  potentials  can  be  measured  by 
means  of  a  condenser.  To  do  this  we  shonld  join  up  our  con- 
denser and  galvanometer,  as  shown  by  Fig.  142,  page  313,  the 
only  difference  being  that  the  terminals  which  are  there  repre- 
sented as  being  in  connection  with  a  battery  would,  in  the  present 
case,  be  connected  to  the  points  a  and  d  (or  c)  for  determining  V, 
and  to  h  and  d  (or  c)  for  determining  v.  The  condenser  discharges 
in  the  two  cases  give  V  and  v. 

Another,  and  for  most  cases  a  preferable,  method  of  measuring 
the  potentials,  is  to  insert  a  galvanometer  between  the  point  at 
which  the  potential  is  to  be  measured  and  the  earth,  there  being 
in  the  circuit  a  resistance  several  thousand  times  greater  than  the 
resistance  of  the  conductor  of  the  cable.  The  permanent  defleo- 
tions  in  this  case  indicate  the  potentials  (§  348,  page  322). 

477.  Instead  of  measuring  the  potential  Y,  we  can,  if  we  please, 
at  once  determine  the  value  of  Y  —  o  by  connecting  the  wires  from 

the  condenser,  &c.  (or  from  the  galvanometer  and  high  resistance),     )^ 
to  the  points  a  and  h ;  the  deflection  in  this  case  at  once  gives  us 

Y  *  0.    So  that  if  we  call  o*  this  difference  of  potential,  we  get 


«  =  «?•  [B] 


478.  The  oonditionB  for  making  the  test  by  formula  [A]  in  the  best  possible 
manner  are  precisely  similar  to  those  in  the  case  of  the  *'  Divided  Oharge  Method  " 
of  measuring  the  electrostatic  capacity  of  a  cable  or  condenser  (page  379) ;  for 
equation  [A]  (page  379)  in  this  btter  test  is  similar  to  (though  not  identical  with) 
equation  [A]  (given  above)  of  the  test  under  consideration.    We  most,  in  fact, 

adjust  B  until  we  make  v  approximately  equal  to  ^,  that  is  to  say,  we  must  make 
B  about  twice  as  large  as  x. 
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In  the  case  of  equation  [B]  (page  421)  the  conditions  are  slightly  different, 
for  here  the  quantity  ^  replaces  (Y  —  «X  ^^  although  %f  and  (Y  —  v)  are  equal, 
yet  inasmuch  as  v'  is  the  result  of  a  single  obsenration  only,  there  can  be  but  one 
error  in  it ;  oonseqoently,  to  determine  the  best  conditions  for  making  the  test, 
we  must  tiJce  equation  [A]  (page  421X  and  assume  an  error  5  to  exist  in  «  only. 

Let  A.  be  the  error  in  x  caused  by  an  error  5  in  «,  then 

but  since 


«  =  B,^A-,    or,    R  =  »- 


therefore 


IT"  ^v-(«  +  «)       /"%lV-(v  +  5)J' 


or,  since  5  is  a  veiy  small  quantity,  we  may  say 

c(V-i,)- 


A=  X 


Kow  we  have  to  make  A  as  smoK  as  possible ;  this  we  shall  do,  since  «,  Y , 
and  8  are  constant  quantities,  by  making  «  (Y  —  v)  as  lairqt  as  possible. 
But 

and  to  make  this  expression  as  large  as  possible  we  must  make  ^  —  v  as  small 

2 

as  possible ;  that  is,  since  v  must  be  poeitire,  we  must  make  it  equal  to  0,  or 


therefore 

but 

therefore 

in  which  case  we  get 


5-.  =  o, 


V  =  2«; 
«'  =  2  V  —  v  =  t; ; 


sc  =  B; 


that  is  to  say,  in  order  to  make  the  test  as  accurately  as  possible,  we  must  make 
B  approximately  equal  to  x. 

479.  If,  iDstead  of  introdnciiig  the  unknown  reeiMtance  Xy  and 
the  known  resistance  B,  between  the  points  a  and  c,  we  join  the 
pole  a  of  the  battery  direct  on  to  b,  we  can  determine  the  value  of 
<r  by  simply  noting  V,  and  then  inserting  an  adjustable  resistanoe 
in  the  place  of  a;,  and  altering  it  until  we  make  the  potential  at  6 
to  be  V,  as  at  first,  when  of  course  a;  =  B. 
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3e8t  Oanditians  for  making  the  TesL 

480.  In  the  case  of  formala 

*  =  »vb'  [A] 

make  B  approximately  equal  to  2  a;. 
In  the  case  of  formula 

«'  =  »?.  [B] 

make  B  approximately  equal  to  x. 

Possible  Degree  of  Aceuracif  cUtainahle* 

In  the  case  of  formula  [A] 

■D         *         e  8  (V  + 1?)  100 

Percentage  of  accuracy  =  -3._j__z_- 

In  the  case  of  formula  [B] 

Percentage  of  accuracy  =  ^  (^  +  ^0^0 .  j^^^ 

V  V 

where  S  is  the  fraction  of  a  division  to  which  each  of  the  deflections 
y,  V,  and  v'  can  be  read. 

Loss  OF  Potential  Method. 

481.  In  Chapter  XIIL,  page  363,  an  equation 

F=  1 


2-303  B  log- 

V 


was  obtained,  where  F  was  the  electrostatic  capacity,  in  micro- 
farads, of  a  condenser,  or  cable,  the  potential  of  whose  charge  fell 
from  V  to  r  when  it  was  discharged  during  T  seconds  through  a 
resistance  of  B  megohms. 

Now  if  F  is  the  known  and  B  the  unknown  quantity,  then 

T 


B=: 


2-303  Flog - 

V 


so  that  we  can  determine  the  value  of  a  resistance  by  a  capacity 
and  loss  of  charge  measurement. 

482.  The  connections  for  making  such  a  test  would  be  precisely 
similar  to  those  given  for  determining  electrostatic  capacities  by 
loss  of  charge  (§  405,  page  368). 
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If  we  were  measuring  the  reBistanoe  of  a  Bhort  cable  by  this 
method,  the  discharge  deflection  V,  compared  with  the  discharge 
deflection  obtained  with  the  same  battery  from  a  standard  con- 
denser, would  give  ns  the  value  of  F.  For  long  cables,  however, 
as  we  have  before  explained,  this  does  not  give  correct  results,  so 
the  capacity  must  be  determined  by  other  methods,  Thomson's  for 
example  (page  369). 

483.  From  (§  398,  page  364)  it  is  obvious  that  we  must  have 

Be»t  Conditiong  for  making  the  Test. 

V 

Make  v  as  nearly  as  possible  equal  to  ^-z  . 

Pos9ible  Degree  of  Accuracy  attainable. 

200  8 


Percentage  of  accuracy  =  B 


V 

2-303  17 log  - 

V 


where  8  is  the  fraction  of  a  division  to  which  each  of  the  deflections 
T  and  «  can  be  read. 

Thomson's  Method.* 

484.  In  Fig.  181,  which  shows  the  connections  for  the  test, 
G  is  a  galvanometer;  C,  a  condenser;  E,  a  Bymer-Jones  key 
(page  316);  h,  a  short-circuit  key;  S,  a  Yaxley  slide  resistance 
(page  231 ).    The  test  is  then  made  in  the  following  manner. 

The  slides  are  set  so  that  a  convenient  potential,  Y,  can  be 
obtained  at  the  slider  d.  Key  K  is  then  moved  over  to  the  left 
so  as  to  charge  the  cable  for,  say,  five  seconds,  and  then  moved  to 
the  *<  insulate "  position  so  that  the  battery  is  cut  off.  t  seconds 
afterwards  the  key  is  again  turned  to  the  left  (key  k  being 
depressed),  and  the  deflection  produced  by  the  inrush  which 
replaces  the  charge  which  has  leaked  out  during  the  *' insulate" 
period,  is  noted.  This  series  of  operations  is  repeated  several 
times,  and  the  mean  of  the  observed  deflections  is  taken  as  being 
the  correct  result. 

Now  if  during  the  '* insulate"  period  the  potential  of  the 

*  This  method  was  deviaed  by  Sir  William  ThomBon  (Lord  Kelvin)  in  1875, 
bnt  appears  to  haye  been  forgotten.  Dr.  A.  Tobler  (Professor  in  the  Federal 
Polytechnic  School  at  Znrich)  called  attention  to  it  in  the '  Electrical  Beview ' 
for  October  8th,  1897. 
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charge  has  fallen  from  V  to,  say,  v^,  then  the  potential,  v,  lost 
will  be 

»  =  V  -  i?i, 

and  this  will  be  the  potential  whioh  is  added  to  the  charge  when 
the  inrosh  deflection  is  noted. 

To  determine  the  value  of  v,  turn  key  E  to  the  right  so  as  to 
discharge  the  cable,  and  shift  the  slides  so  that  the  potential  at  d 
is  altered  in  value,  depress  key  h  and  then  turn  key  K  over  to  the 
left.     If  the  new  adjustment  of  the  slides  happens  to  be  such 


CaJbU 


Eantht 


Fig.  181. 

that  the  potential  at  (2  is  equal  to  v,  then  the  movement  of  key  E 
will  have  caused  a  similar  deflection  to  that  obtained  in  the  first 
instance.  If,  however,  the  deflection  is  not  the  same,  then  the 
position  of  the  slides  must  be  altered  until  the  movement  of  the 
key  K  causes  the  original  deflection  to  be  reproduced,  and  con- 
sequently the  correct  value  of  v  to  be  obtained. 

Since  the  resistance,  B,  of  the  cable  is  given  by  the  formula 


E  = 


2-303  Flog-* 


V  being  the  capacity  of  the  cable  (page  423),  and  since 

c  =  V  -  ©i,    or,    i?j  =  V  —  I?, 

we  have 

T 


E  = 


2-303  Flog 


V-t; 
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For  example. 

The  following  values  of  V  and  v  were  found  on  the  slides : — 

V  =  10,000        V  =  8600, 

the  capacity,  F,  of  the  cable  was  5  microfarads,  and  the  time,  T, 
one  minute  (60  seconds)  ;  what  was  the  resistance  of  the  cable  ? 
We  have 

V  - 1^  =  10.000  -  8500  =  1600, 
therefore 

E  = — =  - ^- =  6-32  megohms. 

2-303x6  log  12^      2-803  X6X  -824  ^ 

^   1500 

The  great  advantage  of  the  above-described  test  over  the 
ordinary  loss  of  potential  method  (page  423)  lies  in  the  fact  that 
the  deflection  which  represents  the  loss  of  charge  in  the  cable, 
can  be  exactly  reproduced  by  the  operation,  whilst  in  the  ordinary 
method,  two  sometimes  widely  different  deflections  (at  beginning 
and  end  of  time  T)  have  to  be  compared. 


Gott's  Proof  Condenser  Method. 

485.  An  excellent  method  of  determining  the  relative  values 
of  y  and  V  in  the  '*  loss  of  potential "  test  (page  423)  has  been 
suggested  by  Mr.  J.  Grott.  This  method  avoids  the  necessity  of 
discharging  the  cable,  and  consists  in  applying  what  may  be 
termed  a  "  proof"  condenser  to  the  latter,  and  then  measuring  the 
discharge  from  the  same.  This  condenser  should  be  of  small 
capacity,  so  as  not  to  remove  an  appreciable  portion  of  the  charge 
from  the  cable ;  if  this  is  the  case  it  is  obvious  that  the  discharge 
obtained  from  the  condenser,  after  it  has  been  connected  for  a 
few  seconds  to  the  cable  at  any  particular  time,  will  represent 
the  potential  which  the  cable  has  at  that  time. 

486.  When  the  insulation  resistance  of  a  cable  is  measured  by 
the  foregoing  methods,  the  result  obtained  is  a  mean  of  the  resist- 
ances which  the  cable  has  at  the  commencement  and  at  the  end 
of  the  test,  as  eleetrificaium  (page  409)  goes  on  the  whole  time 
the  charge  is  falling. 

487.  Experimental  results  show  that  in  the  case  of  a  cable 
whose  core  is  insulated  with  gutta-percha,  if  the  cable  be  charged 
10  seconds  before  taking  the  discharge  Y,  and  again  10  seconds 
before  insulating  it  preparatory  to  observing  the  discharge  v,  then 
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the  value  of  B  after  1  minute,  obtained  from  the  formula,  agrees 
with  that  obtained  by  the  constant  deflection  method  given  in  the 
last  chapter  (§  452,  page  408). 

488.  If  we  know  the  potential  which  the  cable  has  when  fally 
charged,  and  also  its  potential  after  a  certain  time,  we  can  determine 
the  potential  it  will  have  after  any  other  time  in  the  following 
manner : — 

A  charged  cable  loses  equal  percentages  of  its  charge  in  equal 
times,  that  is  to  say — ^if,  for  example,  5  per  cent,  of  its  charge  were 
lost  during  the  first  second,  then  five  per  cent,  of  what  remained 
would  be  lost  in  the  second  second. 

Let  y  be  the  potential  at  first; 
V       „  „        after  1  sec. ; 

Vi       „  „  „    *i  sees. ; 


and  let  us  suppose  the  charge  loses  -th  of  its  potential  during  the 

ft 

first  second ;  then  the  potential  at  the  end  of  first  second  will  be 
and  the  potential  at  end  of  the  second  second  will  be 

9 


---•>  [2] 


n 


but  from  equation  [1]  we  get 

V 


n  = 


V-»' 


therefore,  substituting  this  value  in  [2]  the  latter  quantity  becomes 
=,     which  equals    V  f  ==J  , 

and  consequently  the  potential  at  the  end  of  t^  seconds  will  be 

va)^=... 


Also  we  must  have 


W--"' 
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theiefoie 


<i  = 


and 


h  = 


log^ 


that  is, 


log;^  log- 

1^^         log! 

The  potential  at  first  was  300  (V),  and  after  20  seconds  (i^)  it 
fell  to  200  (v{).    After  what  time  (t^)  would  it  fall  to  100  («,)  ? 

300  2-4771213 

^1<>0      n/x       2-0000000      ^^       ,, 

^^200  2-3010300 

489.  It  being  nsnally  required  to  know  the  time  the  charge  in 
a  cable  will  take  to  fall  to  half  charge,  the  formula  becomes 

-30103 
log- 


'a  ~  y  '  'i- 


490.  The  formulse  we  have  given  are  capable  of  various  modifi- 
cations, which,  however,  are  more  of  a  fanciful  than  of  an  actual 
and  practical  value. 
Thus  the  formulse 

T  T 

R  = V'  ^^^^  ^  = V 

Flog,!  Blog.^ 

V 

may  be  simplified  if  we  make  v  =  tti  for  in  this  case 

log.^  =  log.2=  -693; 
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therefore 

T  T 

R  —  —  1.443  — 

To  obtain  experimentally  the  time  oconpied  in  falling  to  half 
charge,  repeated  trials  would  be  necessary,  and  the  time  taken  in 
doing  this  would  hardly  compensate  for  the  advantage  of  using  a 
simpler  formula. 

The  object  of  obtaining  the  time  of  fall  to  half  charge  is  to  get 
a  convenient  unit  for  comparison  with  other  cables,  and  this  time 
of  fall  is  easily  calculated  from  the  formula  before  given,  in  which 
the  potential  after  any  time  may  be  used,  this  being  obtained  by 
one  observation  only. 

491.  A  useful  formula  is  that  suggested  by  Sir  W.  H.  Preece, 
which  is  obtained  in  the  following  manner : — 

In  the  equation 


-30103 
log- 


<2  —  y  •  'i 


«1 

let  n  =  percentage  of  loss  of  time  ^,  then 

(V^^^Oioo. 

n ^ , 

therefore 

.  100  -  n 


ri=V 


100 


substituting  this  value  of  v^  in  the  above  equation,  we  get 

_      -30103 ;^30103 

''  ■"  ,         100     ^  '  "  2-000  -  log  (iOO  -  n)''i- 
^^^100^ 

Far  example. 

If  a  cable  lost  20  per  cent,  of  its  charge  in  five  minutes,  in  how 
many  minutes  would  it  fall  to  half  charge  ? 

-30103 

2-000 -log  (100  -20) 


<2  =  TT-T^ .      y.\.^ j^  X  6  =  16'  32". 


492.  From  the  equations 

v(y)'-  =  . ,(!»«•  427). 
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we  can  find  what  would  be  the  potential,  Vjy  after  a  certain 
interval  of  time,  t^  the  potential  at  first,  and  the  potential  Oi,  after 
a  time,  i^,  being  given. 

Thus  we  have  from  the  foregoing  equations 

therefore 


=  v(^) 


This  formula  we  should  have  to  work  out  by  the  aid  of 
logarithmic  tables. 

For  example. 

The  potential  of  the  charge  in  a  cable  when  full  was  300  (Y ). 
After  20  minutes  (<i)  the  potential  fell  to  200  (©i).  What  would 
be  the  potential  v,  at  the  end  of  30  minutes  {t^)  ? 

..  =  80.©"  =  300(1/ 


log2  = 
log  3  = 

•3010300 
•4771213 

1-8239087 
3 

% 


4717261 


•7358631 
log  300  =  2-4771213 

2-2129844  =  log  of  163-3. 

493.  In  connection  with  the  foregoing  tests  it  may  be  men- 
tioned that,  in  testing  cables,  it  is  very  usual  to  make  fall  of  charge 
measurements,  but  not  to  work  out  the  results  by  any  of  the  fore- 
going formulaa.  The  general  practice  is  to  simply  calculate  and 
record  the  percentage  of  fall. 
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CHAPTER  XVII. 
LOCALISATION  OF  FAULTS  BY  FALL  OF  POTENTIALS. 

Clark's  Method. 

494.  In  Fig.  180  (page  420)  in  the  last  ohapter,  if  &  e  were 
a  portion  of  a  cable  making  full  earth  at  c,  then  by  determining 
&  c  by  the  method  described  we  should  find  the  position  of  the 
break. 

Supposing,  however,  a  cable  had  a  fault  which  did  not  make 
full  earth,  then  the  potential  would  not  fall  to  zero  at  that  point, 
but  would  have  a  value  depending  upon  the  resistance  of  the  fault. 
The  potential,  however,  would  be  the  same  as  the  potential  at  the 
further  end  of  the  cable,  provided  that  end  were  insulated. 

If  we  can  determine  the  value  of  this  potential,  we  can  readily 
localise  the  position  of  the  fault. 


Fig.  182. 

In  Fig.  182  let  6  6  be  the  cable  which  has  a  fault  at  c,  the  end 
of  the  cable  at  e  being  insulated;  and  let  R  be  the  resistance 
between  the  battery  at  the  end  of  the  cable  6,  then 

V  -  f?i :  I?  -  f?i : :  B  4-  iB  :  a ; 
x(Y  -  rO  =  (f,  ^  t;,)E  +  («  -  v,)x. 

Digitized  by  VjOOQ  IC 


therefore 


or 


432  HANDBOOK  OF  ELECTRICAL  TESTING, 

therefore 

,_T» »-»! 

that  is, 


495.  If,  as  explained  in  the  last  test  (§  476,  page  421),  we  at 
once  determine  the  valne  of  V  —  ©,  by  connecting  the  wires  from 
the  condenser,  &o.  (or  from  the  galvanometer  and  high  reeistance), 
to  the  points  a  and  &,  then  if  we  call  f/  this  difference  on  potential, 
we  get 

»  =  B^-  [B] 


496.  In  order  to  determine  the  relative  values  of  the  potentials 
at  the  two  ends  of  the  cable,  their  values  with  reference  to  some 
standard  of  potential  or  electromotive  force  must  be  obtained. 
For  this  purpose  any  of  the  standard  cells  mentioned  in  Chapter 
VII.  (page  167)  may  be  used. 

The  way  in  which  such  standard  cells  would  be  employed  for 
making  the  test  we  have  been  considering,  would  be  as  follows  : — 

The  electrician  at  a  charges  a  condenser  from  one  of  the 
standard  cells,  and  notes  the  discharge  deflection  on  his  galva* 
nometer.  This  deflection,  then,  represents  the  potential  of  the 
cell. 

The  wires  from  the  standard  cell  are  now  disconnected,  one 
wire  is  connected  to  earth,  and  the  other  to  a,  and  again  a 
discharge  reading  is  taken;  then  this  reading,  divided  by  the 
reading  obtained  with  the  standard  cell,  and  multiplied  by  the 
electromotive  force  of  the  cell,  gives  the  value  of  V  in  terms  of 
the  potential  or  electromotive  force  of  the  standard  cell.  The 
wire  at  a  is  then  disconnected  and  joined  to  6,  and  another  dis- 
charge measured,  which  result  divided  by  the  standard  discharge, 
and  multiplied  by  the  force  of  the  cell,  gives  the  value  of  v. 

The  electrician  at  the  other  end,  e,  of  the  cable  makes  a  similar 
test,  and  thus  determines  the  value  of  v^. 

The  capacities  of  the  condensers  at  the  two  stations,  it  may  be 
observed,  need  not  be  alike. 


Digitized  by 


Google 


LOCALISATION  OF  FAULTS  BY  FALL  OF  POTENTIALS.        433 

For  example. 

The  discharge  deflection  obtained  £rom  a  condenser  at  station  a, 
with  a  standard  cell  of  1*453  volts  electromotive  force,  was  150 
divisions.  The  potentials  Y  and  v,  measured  with  the  same  con- 
denser, gave  deflections  equivalent  to  2550  and  1050  divisions 
respectively;  therefore 

„      2550 

V=-—  X  1-453  =  24-701. 
loU 

1050 
«=-—  X  1-453  =  10-171. 

The  discharge  deflection  obtained  from  a  condenser  at  station  e, 
with  a  standard  cell  of  1*462  volts  electromotive  force,  was  180 
divisions.  The  potential  v^,  measured  with  the  same  condenser, 
gave  a  discharge  deflection  of  360  divisions ;  therefore 

t^i  =  ^X  1-462  =  2-924. 

R  was  equal  to  1000  ohms.    What  was  the  value  of  a;  ? 

*  =  ^^^^ 24*701  -10-171  =  '^^S'^  o^°^8' 

showing  that  the  fault  was  498  *  8  ohms  distant  from  the  end  h  of 
the  cable.  If  the  length  of  the  cable  were,  say,  80  knots,  and  its 
total  conductivity  resistance  800  ohms,  or  10  ohms  per  knot,  then 

the  distance  of  the  fault  from  h  would  be  ,  or  49*88,  knots. 

The  value  of  v^  when  obtained -at  e  would  be  telegraphed  to  h ; 
this  could  be  done,  since  the  cable  would  not  be  entirely  broken 
down. 

If  the  potentials  are  measured  by  observing  the  permanent 
deflections  obtained  through  a  high  resistance  (§  348,  page  322), 
the  observations  with  the  standard  cells  must  be  made  in  the 
same  manner. 

497.  In  making  the  test  we  are  liable  to  make  errors  in  Y,  v,  and  v„  and 
these  erroiB  will  produce  the  greatest  total  error  in  x  when  the  errors  in  Y  and 
Vi  are  minns,  and  the  error  in  v  is  plus ;  let  each  of  the  errors  be  8,  and  let  K  be 
the  total  error  prodnoed  in  x,  we  then  haye 

2  F 
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or 


but 
therefore 


» 


=  B^^».     or,    R  =  a>^"^ 


28      

Vj(V-r-25)' 


U-Vi      V-t^-28        J        (•-    ^'^ 


but,  ainoe  8  is  small,  we  may  say 


A  =  x 28(V-_r^ 


(t»-t^i)L(V-rO -(•-.«,)] 

Now  if  we  regard  (V  -  v,)  as  a  oonstant  quantity,  then  in  order  to  make  A  aa 
small  as  possible  we  must  make  the  denominator  of  tlie  firaction  as  small  as 
possible ;  from  §  477,  page  421,  we  oan  see  that  in  order  that  this  may  be  the 
case  we  must  make 

that  is  to  say,  we  must  make  B  approximately  equal  to  x. 

In  the  case  of  formula  [B]  (page  482)  the  conditions  for  making  the  test  in 
the  most  satisfaotory  manner,  are  slightly  different  from  the  foregoing ;  for  since 
(Y  —  v)  in  this  case  is  obtained  by  a  single  measurement,  v',  there  can  be  but 
one  error,  8,  in  it.    We  have,  in  fact, 

"U-t»,  ^    V-r-«       ^J->-Vi)(V-r-8)' 
bttt|  since  8  is  very  small,  we  may  say 

A-x'J2V^-t.-0 
(t'-t'iMV-t;)' 
or 

A-«     8[2(V-r,)-(t;-r,)] 

Now  this  equation  is  of  the  same  form  as  equation  [F]  (page  125),  consequently 
the  inyestigation  there  given  may  be  applied  to  the  present  case.  In  the  latter, 
the  coe£9oients  of  (V  —  v,)  and  (v  —  r,)  are  2  and  —  1  respeotiyely ;  if  there- 
fore in  equation  [G]  (page  125)  we  substitute  —  }  for  &,  and  also  if  we  substitute 
X  and  R,  for  G,  and  Ci,  respeotiTely,  we  shall  obtain  the  conditions  we  require; 
We  have  then 

=  (t-r,)  1-7071: 
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that  is  to  say,  we  must  haye 

B  =  l-7071». 
Praotioally  we  may  say,  make 

B=2x 
approximately. 

We  have  therefore 

Best  Conditioru  for  making  the  Test. 

498.  In  the  case  of  formula 

make  R  approximately  equal  to  x. 
In  the  case  of  formula 

»  =  E^S  [B] 

make  R  approximately  equal  to  2  x. 

Possible  Degree  of  Accuracy  attainable. 

In  the  case  of  formula  [A] 

T>         *         4.                       8(V~t;0200 
Percentage  of  accuracy  =  y-^ ^y^ c  • 

In  the  case  of  formula  [B] 

_         ^          .                     8(2tr'  +  i?-»i)100 
Percentage  of  accuracy  =  — ^^ — j—^ — yr • 

Where  S  is  the  fraction  of  a  division  to  which  each  of  the  deflections 
can  be  read. 

Siemens'  Equal  Potential  Method. 

499.  In  Fig.  183  (page  436)  let  B  E  be  the  cable  which  has  a 
fault  at  c,  X  and  y  being  the  distances  on  either  side  of  the  fault, 
and  z  the  equivalent  length  of  the  latter.  Suppose  that  one  pole  of 
a  battery  is  connected  at  B,  the  other  pole  being  to  earth,  then  if 
the  end  of  the  cable  at  E  is  insulated  we  shall  have,  as  in  the  last 
test,  the  potential  at  E  to  be  the  same  as  the  potential  at  the  fault. 
Next  suppose  that  the  battery  at  B  is  removed,  and  that  that  end 
of  the  cable  is  insulated ;  then,  if  a  battery  is  connected  to  E,  of 
such  a  strength  that  the  potential  at  the  fault,  and  therefore  at  B, 
is  the  same  as  was  the  potential  at  E  in  the  first  case,  then  Y^  will 
be  the  new  potential  at  E. 

2  r  2 
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y 

V,-e, 

A 

i 

.^^ 

4. 

i 

¥,                              J^, 

^\^                                          Vf 

X 

'■J 

V           E 

% 


Fio.  183. 

If  2  be  the  length  of  the  cable,  then 

l-x  +  y,     or,    y  =  Z  -  «  ; 
therefore 

X        _  Vt  —  t?!  . 

J  —  a?  ""  Va  —  t^i ' 
that  is, 

«^(Va  -  «0  =  Z(Vx  -  t^O  -  a:(V,  -  rO, 
or 

^., Yij^i 

For  6CBampIe. 

In  a  fanlty  cable  500  knots  (2)  long,  after  adjusting  the  poten- 
tials according  to  the  foregoing  method,  the  valnes  of  the  same 
were  found  to  be 

Vi  =  200, 

Va  =  300, 

f7i  =  40. 

What  was  the  distance  (x)  of  the  fault  from  B  ? 
200  -  40 


aj  =  500 : 


=  190*6  knots. 


(300  -  40)  +  (200  -  40) 

500.  In  making  the  test  practically,  the  following  course  would 
be  pursued : — 

Station  B  first  connects  one  pole  of  a  battery  direct  on  to  the 
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cable,  the  other  pole  being  to  earth,  whilst  E  insulates  his  end  of 
the  cable.  This  being  done,  B  notes  the  potential  Yi,  and  E  the 
potential  v^.  When  B  thinks  that  sufficient  time  has  elapsed  for  E 
to  have  taken  his  observation,  he  removes  the  battery  and  insulates 
his  end  of  the  cable.  E  noting  that  his  potential  has  fallen  to  zero 
connects  np  his  speaking  apparatus,  and  B  having  done  the  same, 
E  communicates  to  B  the  result  he  has  obtained. 

Station  E  now  connects  up  his  battery  to  the  cable,  taking  care 
that  the  pole  connected  to  the  latter  is  similar  to  that  employed  by 
B  in  the  first  instance.  The  latter  observes  the  potential  at  his 
end  of  the  cable,  and  if  it  is  not  the  same  as  that  previously  ob- 
tained at  E,  he  informs  the  latter,  by  means  of  signals  agreed  upon, 
that  such  is  the  case,  whereupon  E  increases  or  decreases  his 
battery  power,  and  regulates  it  by  varying  a  resistance  in  its  circuit, 
until  the  potential  at  B  is  made  the  same  as  it  was  at  E  on  the 
first  occasion.  The  potential  Y^  is  then  noted  by  E,  and  the  result 
being  reduced  to  terms  of  a  standard  cell,*  is  communicated  to  B. 
The  latter  station,  having  also  reduced  his  results  to  terms  of  a 
standard  cell,  then  works  out  the  formula,  and  thus  determines  the 
position  of  the  fault. 

501.  For  localising  faults  in  long  cables  this  method  is  more 
accurate  than  the  previous  one,  as  it  is  not  so  much  influenced  by 
the  restUiant  fault  f  produced  by  the  conductive  power  of  the  insu- 
lating sheathing,  more  especially  if  the  fault  is  near  the  middle  of 
the  cable. 

It  must  be  understood  that  both  tests  are  only  accurate  in  cases 
where  the  total  insulation  resistance  of  the  cable  is  very  high  com- 
pared with  the  resistance  of  the  fault,  for  in  such  cases  the  fall  of 
potential  is  practically  represented  by  a  straight  line,  and  the 
formulsd  are  constructed  on  this  assumption. 

When,  however,  the  cable  is  very  long  and  the  total  insulation 
resistance  consequently  comparatively  low,  then  the  potential  can- 
not be  regarded  as  falling  regularly  from  end  to  end,  but  must  be 
graphically  represented  by  a  curve,  and  the  potential  at  the  fault 
is  less  than  that  indicated  in  the  straight  line  diagram,  and  the 
potential  at  the  extreme  end  is  lower  than  this  still.  The  exact 
formulae  for  these  tests  are  considered  in  Chapter  XXII. 

602.  From  the  nature  of  the  test  it  must  be  evident  that  there 
are  no  particular  conditions  which  enable  a  maximum  degree  of 
accuracy  to  be  obtained,  except  in  so  far  that  the  battery  power 
employed  should  be  sufficient  to  enable  high  deflections  to  be 
produced. 

*  See  §  495,  page  ^2.  t  See  §  320,  page  300. 
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Po$nhle  Decree  of  Accuracy  attaifiahle. 

T>         *         IT                       200  8 
Percentage  of  accuracy  =  =r , 

where  S  is  the  fraction  of  a  diviflion  to  which  each  of  the  deflections 
can  be  read. 

Siemens'  Equilibrium  Method.* 

503.  If  two  batteries  have  their  opposite  poles  connected  to  the 
ends  of  a  perfect  cable,  their  other  poles  being  to  earth,  then  the 
fall  of  potential  along  the  cable  is  continnous  and  cuts  the  latter 
at  a  certain  point.  The  position  of  this  point  can  be  varied  by 
altering  the  relative  electromotive  forces  of  the  batteries,  or  by 
adding  in  resistances  between  the  batteries  and  the  ends  of  the 
cable.  In  the  case  of  a  faulty  cable,  if  the  fault  is  at  this  point, 
then  no  current  passes  from  the  fault  to  earth,  consequently  any 
alteration  in  the  resistance  of  the  fault  does  not  affect  the  values 
of  the  potentials  at  the  different  points  along  the  line  of  fall. 

By  observing  what  arrangement  of  resistances  and  electro- 
motive forces  is  necessary  to  bring  the  zero  point  to  the  fiftult,  the 
position  of  the  latter  can  be  accurately  determined. 


Fig.  184. 

In  Fig.  184  let  x  and  y  be  the  portions  of  the  cable  on  either 
side  of  the  fault,  and  let  r,  r  be  equal  resistances  connected  to 
either  end  of  the  cable,  also  let  B^  and  B,  be  resistances  whose 
values  can  be  varied  at  pleasure. 

Now,  in  making  the  test  we  have  to  adjust  B^  and  B,  so  that 
the  potential  at  the  fault  shall  be  at  zero,  and  consequently  that 

•  'Jonmal  of  the  Society  of  Telegraph-Engineers,*  toI.  t.  nage  61.  Thig 
method,  it  ehonld  be  remarked,  is  BubetanttaUy  the  same  as  mat  devised  by 
M.  Emile  Laooine,  and  described  in  toL  it.  pag€^97,  of  the  same  journal. 


Digitized  by 


Google 


LOCALISATION  OF  FAULTS  BY  FALL  OF  POTENTIALS.        439 
A  B  shall  be  a  straight  line.    To  obtain  this  result  we  must  have 


Vi  iv^iixiy. 

or 

and  also 

X       y  ' 

Yi  :v^xir+9:x. 

or 

and  again 

V,  :  «,  : :  r  +  y  :  y, 

or 

from  which  we  get 

Vi  -»!  =  Va-t;^; 

that  is  to  say — ^in  order  that  A  B  may  be  a  straight  line  the 
di£ference8  of  the  poteatials  on  either  side  of  r,  at  both  ends  of 
the  cable,  must  be  the  same. 

504.  To  obtain  this  result  in  practice  only  one  of  the  resistances 
Bi  and  B,  need  be  adjusted.  The  best  way  of  making  the  test 
would  then  be  as  follows ; — 

The  two  stations  should  first  adjust  their  galvanometers  by 
means  of  the  movable  magnets  so  that  they  both  give  precisely 
the  same  deflections  when  a  current  from  a  standard  cell  through 
a  standard  resistance  is  sent  through  them.  This  being  done, 
batteries  E^  and  E,  are  connected  by  the  two  stations  on  to  the 
ends  of  the  cable,  and  then  the  adjusted  galvanometers  are  severally 
connected  on  each  side  of  the  respective  resistances  r  and  r  at  the 
two  stations,  there  being  in  the  circuit  of  each  galvanometer  very 
high,  but  equal,  resistances.  Station  A,  say,  now  adjusts  B^  and 
watches  the  effect  on  his  galvanometer ;  B  also  watches  the  effect 
on  his  own  galvanometer,  and  from  time  to  time  signals  to  A  the 
deflection  he  obtains :  this  signalling  is  easily  done  by  having  the 
front  contact  of  a  well-insulated  key  connected  to  the  end  of 
the  cable,  and  the  back  contact  connected  to  earth,  whilst  the  lever 
of  the  key  is  connected  to  one  terminal  of  a  small  condenser  whose 
second  terminal  is  to  earth.  By  pressing  down  this  key  a  small 
quantity  of  the  charge  in.  the  cable  will  rush  into  the  condenser, 
and  a  momentary  movement  of  the  galvanometer  needle  at  station 
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A  will  be  produced ;  by  arranging  then  that  bo  many  movements 
shall  represent  a  particlar  deflection,  B  can  easily  commnnicate 
his  results  to  A. 

When  exact  adjustment  is  obtained,  that  is  to  say,  when 
(Vi  —  »i)  and  (Vj  —  v^)  are  equal,  the  galvanometers  are  dis- 
connected from  either  side  of  r  and  r,  and  the  potential  «|  is 
measured  ;  x  is  then  obtained  from  the  formula 

where  v'  equals  (Vj  —  i^i),  as  in  the  "  Fall  of  Potential  Method"  of 
measuring  a  resistance,  page  420. 

505.  To  make  the  foregoing  test  as  accurately  as  possible  it 
is  advisable,  for  the  reason  explained  in  §  477,  page  421  (after  the 
value  of  X  has  been  obtained  by  a  rough  test),  to  adjust  r  and  r 
so  that  they  shall  each  be  approximately  equal  to  x. 

With  regard  to  the  "  Possible  degree  of  accuracy  attainable," 
we  are  liable  to  make  an  error  in  obtaining  the  value  of  Vi  —  »i, 
but  inasmuch  as  Vj  —  v^  may  itself  contain  an  error  due  to  V^  —  i?2 
being  incorrectly  measured,  the  actual  total  error  which  may  exist 
in  X  must  be  twice  that  given  by  formula  [C]  (page  423) ;  conse- 
quently we  have 

Best  Conditions  for  nuJcing  the  Test. 
Make  r,  r,  each  approximately  equal  to  x. 

Possible  Degree  of  Accuracy  attainable, 

S(v.+  »')  200 
Percentage  of  accuracy  =  —  -     — , » 

where  8  is  the  fraction  of  a  division  to  which  each  of  the  deflections 
can  be  read. 


Fall  of  Potential  Test  for  an  Earth  Fault  when  the  Con- 
ductor IS  NOT  broken.  Eymer  Jones'  Null  Method  between 
Ship  and  Shore. 

506.  Condenser  discharges  through  a  Thomson  marine  galvano- 
mfiter  (page  66)  cannot  be  accurately  compared  on  board  a  ship 
when  the  latter  is  rolling  or  pitching ;  the  deflections  are  also 
too  abrupt  to  be  easily  read.  For  measuring  discharges,  a  well- 
balanced  Sullivan  galvanometer  (page  70)  is  a  great  improvement' 
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on  the  old  ironclad  marine  instmmenty  yet  large  throws  are  very 
rapid  and  difficult  to  note  with  accuracy,  consequently  three  or  four 
discharges  must  be  noted  to  make  sure  of  the  exact  reading,  even 
when  this  remains  constant.  X  It  is  preferable,  therefore,  in  such 
a  case  to  employ  a  null  method  in  order  to  measure  potentials. 

Shore  MeamremenU  (Fig.  185). — At  some  .full  minute,  pre- 
arranged between  the  ship  and  shore,  the  latter,  we  will  suppose, 
applies  the  negative   pole  of  his  battery  to  the  cable  through  a 


J^^|l|liH---^^VAV^^^  

Fia.  185. 

resistance  E,  which  should  approximate  to  the  conductor  resist- 
ance of  the  cable  up  to  the  fault  ^lu%  the  resistance  of  the  fault, 
as  found  by  a  preliminary  test  when  the  distant  end  on  board  is 
insulated. 

A  condenser  is  then  charged  in  turn  from  the  cable  and  battery 
ends  of  R,  while  the  cable  end  on  board  is  free^  and  a  series  of 
discharges  from  both  these  points  is  recorded  during  (say)  5  or  10 
minutes.  The  number  of  readings  required  will  depend  on  their 
regularity,  since  in  the  case  of  a  high  resistance  fault  the  throws 
will  often  vary  greatly.  Widely  different  readings — ^indicative  of 
great  momentary  changes  at  the  fault — should  be  discarded.  The 
true  determination  of  the  position  of  an  unsteady  fault  will  often 
entirely  depend  on  the  judgment  of  the  operator  in  selecting  the 
most  reliable  discharges. 

As  the  potential  at  B  is  very  much  less  affected  by  a  change 
in  the  fault  resistance  than  the  potential  at  C,  the  greater  number 
of  readings  should  be  recorded  from  C  ;  and  only  when  these  vary 
considerably  will  it  be  necessary  to  do  more  than  occasionally  check 
the  discharge  from  B. 

The  mean  values  for  d  and  D,  obtained  from  the  two  series  of 
discharge  readings  at  G  and  B,  represent  respectively  the  potentials 
jp  and  P. 

To  compare  these  values  with  p'  measured  on  board,  it  is 
necessary  to  know  the  exact  values  of  P  and  f  in  volts,  or  in 
terms  of  a  standard  cell  similar  to  that  used  on  board  for  deter- 
mining y,  as  explained  in  §  496,  page  432. 

Accuracy  can  only  be  secured  by  a  large  number  of  throws — 
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henoe  the  advantage  of  using  with  an  astatic  reflecting  galrano- 
meter,  a  magnetised  knife  blade,  or  better  still,  a  very  small 
electro-magnet  placed  near  to  the  galvanometer,  and  energised  by 
a  single  cell  and  a  suitable  reversing  key  close  to  the  operator's 
hand,  to  bring  the  spot  of  light  quickly  back  to  zero  after  each 
discharge  (page  8^). 

For  this  reason  a  dead-beat  Sullivan  galvanometer — as  con- 
structed for  shore  use — is  well  suited  for  this  part  of  the  test ;  but 
when  using  a  galvanometer  on  the  d*Arsonval  principle  (or  indeed 
any  form  of  astatic  galvanometer)  for  measuring  throws,  a  universal 
shunt  (page  96)  should  be  employed  to  insure  dischargee  differing 
in  strength  being  strictly  comparable. 

Ship  Measurements  (Fig.  186). — Concurrently  with  tests  being 
made  on  shore,  the  ship  is  mecuBuring  the  potential  p\  caused  by 


Fio.  186. 

the  current  applied  to  the  cable  from  the  shore  station,  by  a  null 
method  based  on  Thomson's  (Lord  Kelvin)  capacity  test  (page  369), 
which  differs  from  it  only  in  the  fact  that  poterUials  are  compared 
instead  of  capacities. 

Suppose  Fi  and  F,  are  condensers  of  equal  capacity.  Should 
the  fault  /  have  a  high  resistance,  a  capacity  of  one-third,  or  one 
microfarad,  will  suffice  for  each  ;  but  if  the  fault  resistance  be  not 
great,  a  larger  capacity  (say  6  or  10  microfarads)  will  be  more 
suitable.  *  Battery  h  is  joined  up  to  a  high  resistance — a  slide 
resistance  of  100,000  ohms  if  available — and  through  this  the 
potential  falls  as  shown  by  the  dotted  line.  The  electromotive 
force  of  h  need  be  of  no  particular  value  provided  that  at  some 
point  along  the  slide  resistance  a  potential  exists  equal  (but  opposite 
in  sign)  to  p'  at  the  end  of  the  cable.  This  will  generally  be  much 
below  the  potential  of  the  battery  on  shore.     We  will,  however, 
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BuppoBe  that  the  ship  uses  about  the  same  number  of  cells  as  the 
shore  station  so  as  to  allow  a  wide  margin. 

Depressing  key  K  charges  F2  negatively  from  the  cable,  and  F^ 
poHtively  from  a  point  of  the  slide  resistance  (to  be  found  by  re- 
peated trials)  of  equal  potential  to  that  of  the  cable.  Since  these 
two  condensers  have  equal  capacity  and  are  oppositely  charged,  it 
follows  that  if,  on  allowing  key  E  to  rise,  and  keys  Jci  and  Jb^ 
to  rise  with  it  against  their  upper  contacts,  the  two  charges 
neutralise  each  other,  the  potential  at  the  end  of  the  cable  will  be 
equal  to  that  at  contact  c.  In  other  words,  if,  after  allowing  the 
charges  to  mix  for,  say  5  seconds,  no  discharge  passes  through  the 
galvanometer  when  k  is  depressed,  then  the  potential  at  the  slide 
contact  c  will  be  equal  (though  opposite  in  sign)  to  the  potential 
at  the  end  of  the  cable,  and  will  be  given  by  the  index  slide  in 
terms  of  the  total  electromotive  force  of  the  battery  power  circu- 
lating through  its  coils,  which  is  represented  by  100,000.  Thus, 
if  a  balance  be  produced  with  the  slide  contact  at  4000  from  the 
zero  end,  the  potential  p'  (in  volts)  at  the  end  of  the  cable  will  be 

^^^^    xE.M.F.of6usedonboard.  [1] 


100000 


The  two  condensers  on  board  need  not  be  of  the  same  capacity. 
Thus,  supposing  F^  to  be  one-fifth  of  Fj,  a  balance  may  be  obtained 
if  Fi  be  charged  by  a  potential  five  times  as  high  as  p\  at  the  end 
of  the  cable— i.  e.  c  has  to  be  20,000  instead  of  4000.  In  this 
case,  to  obtain  the  true  potential  p\  the  scale  readings  indicated 
by  the  slide  contact  e  must  be  divided  by  the  known  ratio  (5) 

between  the  two  condensers,  i.e.      *        =  4000  (as  above). 

To  make  jp'  comparable  with  F  and  p,  and  all  three  applicable 
to  Clark's  fall  of  potential  formula  (page  431),  viz.: — 

■  Distance  of  fault  =  R  ^ — ^  ohms  from  the  shore  station, 
r  —  p 

it  is  necessary  to  know  the  exact  electromotive  force  of  battery  6 
on  board,  either  in  volts,  or  in  terms  of  a  standard  cell  similar  to 
the  one  used  on  shore. 

On  board  this  is  found  by  a  modification  of  Poggendorfs  method 
(page  185),  the  slide  resistance  being  used  as  a  Clark's  potentiometer 
(page  200).  The  slide  contact  c  is  moved  up  the  scale  till,  on  tapping 
the  key  momentarily,  no  current  influences  the  galvanometer  G, 
thus  showing  equilibrium  between  the  potential  of  the  standard 
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cell  S,  and  that  on  the  slide  at  this  point  c,  at  a  ohms  from  the  zero 
end  of  the  coils ;  then 

E.M.F.  of  6  =  19292^  standard  cells, 
a 

which,  inserted  in  equation  [1]  (page  443),  gives 

p'  =  J^  X  ^^^  X  E.M.F.  of  the  Btandard  oeU 
^       100000  a 

= standard  cells. 


If  the  ship  and  shore  standard  cells  are  similar  (as  might 
be  the  case),  it  is  nnnecessary  to  know  their  electromotive  force ; 
but  should  the  two  differ,  either  their  respective  voltages  or  else 
the  precise  ratio  which  they  bear  to  each  other  (as  shown  by  a 
discharge  test),  must  be  known,  in  order  to  correct  the  ship's 
value  j/  by  this  ratio  and  make  it  comparable  with  F  and  p. 
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TESTS  DUBING  THE  LAYING  OF  A  CABLE. 


507.  The  immediate  deteotion  of  a  fault  which  may  oocnr  in 
a  cable  during  its  snbmersion  is  a  point  of  great  importance.  To 
enable  this  to  be  done,  a  good  system  of  testing  is  requisite. 

Whatever  the  system  be,  it  should  be  a  continuous  one,  that 
is  to  say,  the  cable  should  be  continuously  and  visibly  under  test, 
so  that  the  moment  a  fault  occurs  it  may  be  detected  by  the  ship 
and  traced. 

System  for  Compound  Cables. 

508.  For  laying  cables  which  are  not  more  than  200  miles  or 
so  in  length,  and  which  have  several  wires,  the  method  shown  by 
Fig.  187  may  be  employed. 


SHIP 


SHORE 


Fig.  187. 


In  this  system  the  wires  are  all  connected  up  in  one  continuous 
length  as  shown.  Should  there  be  an  odd  number  of  wires,  the 
odd  one  would  have  to  be  coupled  on  to  one  of  the  others  in 
**  multiple  arc." 

In  Fig.  187,  ^i^'and  gr^  are  two  ordinary  •*det.ector"  galvano^ 
meters  weU  iasulated.  ^The  battery  6,  of  one  or  two  ccUs  (also 
well  insulated),  keeps  a  continuous  current  circulating  through 
these  galvanometers  and  the  conducting  wires  of  the  cable ;  this 
serves  as  a  "  continuity  "  test,  for  if  any  of  the  wires  should  break 
within  their  insulating  sheathing,  the  circuit  becomes  interrupted, 
and  consequently  the  needles  of  both  galvanometers  will  fall  back 
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to  zero.  In  the  ease  of  a  cable  with  an  odd  number  of  wires,  shonld 
the  oondnctor  of  either  of  the  two  which  are  coupled  together 
become  broken,  then  the  needles  will  only  fall  back  a  little  way  and 
not  back  to  zero ;  this,  however,  will  be  quite  sufficient  to  indicate 
that  the  conductor  is  fractured 

The  galvanometer  O  is  of  the  marine  description,  shown  on 
page  67,  and  is  connected  to  one  of  the  wires.  The  battery  E, 
of  about  200  cells,  keeps  a  continuous  current  flowing  through  the 
galvanometer  and  through  the  insulation  covering  of  the  wires. 
If  a  fault  occurs  in  the  insulation,  the  current  by  escaping  direct 
to  earth  causes  an  immediate  and  very  large  increase  in  the  deflec- 
tion of  the  needle  of  G. 

In  order  to  keep  up  communication  with  the  shore,  the  current 
from  battery  e  is  reversed  after  certain  equal  intervals  of  time. 
If  the  shore  perceives  that  the  reversal  has  not  taken  place,  or 
that  the  needle  of  ^^  is  not  steadily  deflected,  he  knows  that 
something  has  gone  wrong,  or  that  the  ship  wishes  to  communicate 
with  him,  and  he  joins  up  his  speaking  apparatus  and  tries  to 
communicate  with  the  ship.  The  galvanometers  gi  and  g^  could 
be  used  for  this  purpose  by  having  well  insulated  keys  inserted  in 
their  circuit  at  the  ship  and  shore,  these  keys  being  so  arranged 
that  their  depression  breaks  the  circuit;  the  movements  of  the 
needles  could  then  be  worked  according  to  the  ordinary  Morse 
code,  and  communication  be  kept  up  without  interrupting  the 
insulation  test. 

System  for  Single  Wire  Cables. 

509.  The  method  just  described  is  only  applicable  to  a  cable 
which  has  more  than  one  wire,  for  although  with  the  latter  the 
insulation  test  would  be  kept  up,  there  would  be  no  means  of  com- 
municating with  the  shore.  In  such  cases  the  following  plan  may 
be  adopted : — 

The  end  of  the  cable  on  board  the  ship  is  well  insulated,  and 
connected  to  a  battery  and  Thomson  galvanometer  as  in  the 
previous  test  and  as  shown  by  Fig.  188  (page  447).  On  shore 
(Fig.  189)  a  condenser  is  provided,  one  terminal  of  which  is 
connected  to  a  brass  lever  which  plays  between  two  insulated 
contacts ;  one  of  these  contacts  is  connected  to  the  second  terminal 
of  the  condenser,  which  latter  terminal  is  also  connected,  through 
a  Thomson  galvanometer,  to  earth ;  the  other  contact  is  connected 
to  the  conductor  of  the  cable.  The  battery  connected  to  the  cable 
on  board  the  ship  charges  the  former  to  a  certain  potential,  and 
the  value  of  this  potential  will  be  the  same  throughout  the  whole 
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length,  provided  no  fault  exists.  If  the  lever  on  shore  be  moved 
against  the  oontaot  connected  to  the  cable,  a  portion  of  the  charge 
in  the  latter  will  rush  into  the  condenser,  and  will  charge  up  the 
set  of  plates,  to  which  it  is  connected,  to  the  same  potential  as  the 
cable ;  the  second  set  of  plates  will  become  charged  to  the  opposite 
potential  by  a  charge  rushing  in  from  earth  through  the  galvano- 
meter ;  this  in-rush  will  produce  a  ihrow,  or  momentary  deflection 


SHIP 


Bair     C 


CaTtb 


(faH4 
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of  the  needle,  the  amount  of  which  will  represent  the  potential 
of  the  charge  in  the  condenser,  that  is,  the  potential  at  the  end 
of  the  cable.  If  'now  the  lever  be  moved  from  the  cable  contact 
to  the  contact  connected  to  the  condenser,  the  latter  will  be  short- 
circuited  and  discharged.  The  rash  of  the  charge  into  the  con- 
denser when  the  latter  is  connected  to  the  cable  contact,  produces 
a  simultaneous  rush  into  the  cable  from  the  battery  on  the  ship, 
and  as  this  takes  place  through  the  galvanometer  on  board  the 
ship  a  sudden  throw  is  produced  on  the  needle.  Now  if  a  £Ekult 
occurs  during  the  laying,  the  steady  deflection  on  the  ship's 
galvanometer,  which  is  due  to  a  flow  of  current  through  the 
dielectric  of  the  cable,  and  which  is  distinct  from  the  throw  which 
takes  place  when  the  condenser  becomes  connected  to  the  cable  at 
the  shore  end,  becomes  greatly  increased  and  renders  the  presence 
of  the  fault  evident  immediately.  On  the  shore  the  effect  of  the 
fault  is  to  reduce  the  potential  at  that  end  of  the  cable,  and 
consequently  the  charge  which  the  condenser  takes  becomes  corre- 
spondingly reduced ;  when,  then,  the  condenser  becomes  charged 
through  the  galvanometer,  a  reduced  throw  is  produced,  which 
thus  shows  the  shore  the  existence  of  the  fault. 

The  lever  on  shore  which  charges  and  discharges  the  condenser 
is  moved  by  clockwork  which  causes  it  to  act  every  five  minutes, 
so  that  every  hour  twelve  throws  are  observed  on  each  galvano- 
meter. At  the  end  of  every  hour  the  ship  reverses  the  battery  so 
that  the  direction  of  the  throws  is  changed. 

In  order  to  enable  the  ship  to  communicate  with  the  shore. 
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instmotions  are  given  that  if  at  the  end  of  the  hour  the  throws  do 
not  become  reversed,  or  if  they  become  reversed  before  the  expira- 
tion of  the  honr,  it  is  a  sign  that  the  ship  wishes  to  oommnnioate 
with  the  shore ;  in  this  case,  then,  the  shore  disconnects  the  cable 
from  the  clock  lever  and  connects  it  with  the  speaking  apparatus, 
and  as  the  ship  does  the  same,  the  necessary  communications  can 
be  carried  on.  If,  on  the  other  hand,  the  shore  wishes  to  call  the 
attention  of  the  ship,  he  can  do  so  by  moving  a  lever,  corresponding 
to  the  clock  lever,  two  or  three  times  quickly  by  hand ;  the  ship 
then  observing  that  the  throws  on  her  galvanometer  take  place 
quickly,  instead  of  at  intervals  of  five  minutes,  immediately  joins 
up  her  speaking  apparatus,  and  thus  communicates  with  the 
shore. 

The  movement  of  the  lever  L  in  the  foregoing  system  of  testing 
is  effected,  as  has  been  pointed  out,  by  means  of  a  dock,  but  L  may 
be  a  hand-worked  key,  and  this  is  sometimes  preferred,  as  although 
a  clock  ensures  the  discharges  being  obtained  after  regular  intervals 
of  time,  yet  the  hand  method  ensures  the  necessary  watchfulness 
of  the  electrician  on  shore,  which  is  a  point  of  importance. 

WiLLOUOHBY  Smith's  System. 

510.  For  long  single-wire  cables  a  refinement  of  the  foregoing 
method,  devised  by  the  late  Mr.  Willoughby  Smith,  has  been 
adopted.     This  system  is  shown  by  Figs.  190  and  191  (page  449). 

On  shore,  the  cable  is  connected  to  a  key  E,  galvanometer  G,, 
and  condenser  Oi  as  in  the  last  method  of  testing.  To  the  cable 
there  is  also  connected  a  resistance  in  circuit  with  a  galvanometer 
O.  This  resistance  is  very  much  greater  than  the  total  insulation 
resistance  of  the  cable,  and  consequently  it  does  not  appreciably 
affect  the  potential  measured  by  the  key  E,  whilst  it  allows  sufficient 
current  to  pass  through  the  galvanometer  G  to  produce  a  sensible 
deflection  of  its  needle. 

The  high  resistance  is  made  of  selenium,  and;  it  must  be  care- 
fully excluded  from  light,  and  kept  at  as  uniform  a  temperature 
as  possible,  otherwise  it  will  vary  considerably. 

On  the  ship  the  cable  is  connected  to  a  slide' resistance  Wheat- 
stone  bridge  similar  to  that  shown  by  Fig.  102,  page  234. 

The  working  of  the  apparatus  is  then  as  follows : — 

On  the  ship,  plugs  are  inserted  at  pi  and  p^  and  balance  is^kept 
on  the  galvanometer  G4  by  adjusting  the  slides  of  the  slide^resist- 
ances,  the  resistance  B  being  preserved  constant.  This  gives  the 
insulation  of  the  cable. 
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Galvanometer  Q5  is  kept  short-circuited  nnder  ordinary  con- 
ditions, it  being  only  used  occasionally  for  the  purpose  of  ascer- 
taining whether  the  batteries  are  in  good  condition. 
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Fig.  190. 
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Fig.  191. 


Should  it  be  thought  advisable,  as  a  check,  to  take  an  ordinary 
deflection  insulation  test,*  this  can  be  done  by  removing  the  plugs 
j)i  and  |>2 ;  t^^  current  then  passes  direct  from  the  battery  through 
the  galvanometer  G4  into  the  cable. 

On  shore  the  potential  at  the  end  of  the  cable  is  observed  on 
Ga  by  depressing  the  key  K  every  five  minutes.  The  deflections 
obtained  are  noted  and  recorded. 


Page  408. 
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The  battery  E  is  reversed  every  fifteen  minntes  by  the  ship, 
and  this  is  observed  on  the  galvanometer  G  and  shows  that  the 
oondnctor  of  the  cable  is  entire.  If  the  ship  requires  to  com- 
mnuicate  with  the  shore,  it  reverses  the  battery  several  times  after 
short  intervals ;  this  is  acknowledged  by  the  shore  by  means  of 
the  key  K ;  when  this  is  done,  the  shore  moves  over  the  switch  Si 
and  receives  signals  from  the  ship  on  galvanometer  G3  through 
the  medium  of  the  condenser  O,.  The  insulation  test  is  not 
interrupted  by  this  signalling,  as  the  cable  remains  insulated  the 
whole  time.  The  effect  of  working  the  signalling  key  E,  Ib  only 
to  add  pr  subtract  a  little  from  the  charge  in  the  cable  through 
the  medium  of  the  condenser,  and  thereby  to  produce  momentary 
deflections  on  the  galvanometer  G3.  The  same  in  the  case  when 
the  shore  signals  to  the  ship,  the  switch  S,  being  moved  over  to 
key  El  for  that  purpose. 

Various  slight  modifications  have  been,  and  are,  employed  in 
practically  using  this  method,  but  the  general  arrangement  is 
that  which  has  been  indicated. 

See  also  "  Rymer  Jones'  Null  Method,"  page  440. 
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CHAPTER  XIX. 
JOINT-TESTINO. 

511.  Joints  are  the  weak  points  in  a  cable,  and  it  is  therefoTe 
essential  that  thej  should  be  not  only  carefully  made  but  carefully 
tested. 

A  joint,  being  a  very  short  length  of  the  core,  offers,  or  should 
offer,  a  very  high  resistance ;  it  would  consequently  be  impossible 
to  test  it  by  a  direct  deflection  method,  that  is,  a  method  similar 
to  that  by  which  the  insulation  resistance  of  a  cable  is  taken 
(page  408).  Even  with  a  very  powerful  battery,  the  galvano- 
meter deflection,  provided  the  joints  were  good,  would  be  quite 
inappreciable.  One  or  other  of  the  following  methods  must 
therefore  be  adopted. 

A  condenser  can  be  charged  through  the  medium  of  the  joint, 
lind  after  a  noted  time  the  discharge  taken,  which  gives  the 
amount  which  has  leaked  through  the  joint.  This  is  known  as 
Clark's  accumulatian  method. 

Or  a  charged  condenser  may  be  allowed  to  dischai'ge  itself 
through  the  joint,  and  the  amount  lost  after  a  certain  time  noted. 

In  both  tibiese  methods  the  discharge  deflections  are  compared 
with  the  results  obtained  with  a  few  feet  of  perfect  core. 

Clabk's  Accumulation  Method. 

512.  A  gutta-percha  or  ebonite  trough  is  provided,  which  is 
suspended  by  long  ebonite  rods  from  any  convenient  hook. 

The  good  insulation  of  the  trough  is  a  point  of  great  import- 
ance, and  consequently  the  suspending  rods  should  be  quite  dry 
and  clean.  The  most  effectual  way  of  obtaining  this  result  is  to 
weU  scour  the  surface  of  the  ebonite  with  a  glass  or  emery  paper ; 
this  is  a  much  better  method  than  covering  the  surface  with  hot 
paraffin  wax  as  is  sometimes  done. 

513.  We  may  here  remark  that  marfaee  leakage  is  almost  the    ' 
only  medium  of  loss  to  be  feared  in  electrical  apparatus,  and  this 
should  always  be  seen  to  by  keeping  all  surfaces  over  which 
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leakage  is  likely  to  ooour,  in  proper  condition.  The  peculiar 
formation  of  ebonite  causes  minnte  quantities  of  snlphnric  acid 
to  form  on  its  surface,  so  that  the  latter  should  be  often  rubbed 
over  with  a  dry  cloth.  Hot  paraffin  wax  painted  over  the  dry 
surfaces  is  very  advantageous,  but,  where  appearance  is  imma- 
terial, nothing  is  so  effectual  as  a  surface  well  scoured  with  glass 
or  emery  paper. 

514.  The  trough  is  filled  with  water,  and  the  joint  to  be  tested 
is  immersed  and  held  down  in  it  by  two  hooks  placed  at  the 
bottom. 

The  portion  of  the  core  on  either  side  of  the  joint  should  be 
carefully  dried  (not  paraffined),  for  the  same  reason  that  the  sus- 
pending rods  were  so  treated. 

The  connections  for  the  test,  shown  by  Fig.  192,  are  very 


similar  to  those  shown  by  Fig.  142,  page  813 ;  the  only  difference 
being  that  the  pole  of  the  battery,  which  in  that  figure  was  con- 
nected directly  to  the  condenser,  is,  in  the  joint  test,  connected 
to  it  through  the  medium  of  the  joint.  The  battery  used  should 
be  as  large  as  possible ;  200  Daniell  cells  is  the  power  very  com- 
monly employed. 
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515.  After  the  joint  is  placed  in  the  trough  for  testing,  it  is 
necessary  to  see  that  the  latter  is  sufficiently  well  insulated.  To 
do  this  the  pole  of  the  battery,  which  for  the  regular  test  would 
be  connected  to  the  core,  must  be  connected  to  the  wire  attached 
to  the  plate  in  the  trough,  and  the  discharge  key  pressed  down  ; 
this  charges  the  condenser ;  the  battery  being  then  disconnected 
from  the  plate,  an  interval  of  time  (usually  one  minute)  equal  to 
that  which  would  be  occupied  by  the  test  of  the  joint,  is  allowed 
to  elapse,  and  then  the  "  Discharge "  trigger  is  pressed  and  the 
discharge  noted ;  this  should  be  e<][ual,  or  very  nearly  so,  to  the 
instantaneous  discharge. 

516.  The  good  insulation  of  the  trough  being  satisfaotbrily 
obtained,  and  the  connections  being  made  as  shown  by  Fig.  192 
(page  452),  the  short-circuit  plug  of  the  condenser  must  be  inserted 
in  its  place,  the  discharge  key  pressed  down,  and  then  the  short- 
circuit  plug  removed;  the  battery  then  charges  the  condenser 
through  the  joint. 

After  a  certain  time,  usually  one  minute,  the  dischai^e  deflec- 
tion must  be  noted.  A  similar  measurement  must  also  be  made, 
using  a  length  of  perfect  core  in  the  place  of  the  joint.  If,  in 
the  latter  case,  the  discharge  deflection  after  the  same  interval  of 
time  is  much  less  than  that  obtained  from  the  joint,  the  latter  is 
defective  and  must  be  remade. 

517.  It  is  a  very  important  point  in  making  the  test  to  insert 
the  short-circuit  plug  in  the  condenser  previous  to  depressing  the 
discharge  key ;  if  this  is  not  done,  an  induced  charge  is  thrown 
into  the  condenser  by  the  Sudden  rush  of  the  battery  current  into 
the  core  when  the  discharge  key  is  depressed.  This  induced 
charge  will  give  a  considerable  deflection  when  the  condenser  is 
discharged,  which  deflection  is  in  no  way  due  to  leakage  through 
the  joint,  though  it  might  be  mistaken  for  such.  By  keeping  the 
condenser  short-circuited  this  induced  charge  is  dissipated. 

518.  If  the  joint  is  good,  the  discharge  deflection  seldom 
exceeds  two  or  three  divisions.  Indeed,  the  fact  that  it  does  not 
do  so  is  usually  a  quite  sufficient  proof  of  the  soundness  of  the 
joint,  and  it  is  not  often  the  case  that  a  comparison  with  a  piece 
of  perfect  core  is  necessary. 

DiscHARQE  Method. 

519.  This  is  a  reversal  of  the  foregoing,  and  consists  in  charg- 
ing the  condenser  full  and  letting  it  discharge  itself  through  the 
joint. 
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The  oonnections  for  making  thie  test  would  be  similar  to  those 
employed  in  measuring  high  resistances  by  the  loss  of  potential 
method  given  in  Chapter  XYL,  page  423  (§  481),  the  one  end  of 
the  oore  taking  the  place  of  one  end  of  the  resistance,  and  the 
plate  in  the  trough  the  place  of  the  other  end. 

520.  When  a  joint  is  made  in  a  cable  core  at  sea,  neither  end 
can  be  got  at.  The  joint,  however,  oould  be  tested  by  making  the 
connections  as  for  the  discharge  method  of  testing,  only  instead 
of  joining  the  core  to  the  condenser  terminal,  the  latter,  and  also 
the  cable  end,  would  be  put  to  earth.  To  carry  out  the  test  in 
this  manner,  arrangements  would  have  to  be  made  with  the  shore, 
preyious  to  the  manufacture  of  the  joint,  that  at  a  certain  time 
the  end  of  the  cable  shall  be  put  to  earth. 

As  a  matter  of  fact,  joints  made  at  sea  are  never  tested,  though 
there  seems  no  reason  why  they  should  not  be  so. 

521.  We  may  if  we  please,  in  both  the  foregoing  tests,  place 
the  galvanometer  between  the  back  terminal  of  the  key  and  the 
condenser,  and  join  the  two  terminals  from  which  it  was  removed, 
by  a  piece  of  wire.  We  should  then  get  a  charge  as  well  as  a 
discharge  deflection,  and  there  is  this  advantage,  that  if  the 
joint  is  very  bad  or  the  trough  not  well  insulated,  we  should 
get  a  permanent  deflection  after  the  charge  deflection  has  taken 
place. 

522.  The  connections  should  always  be  so  made  that  the  zinc 
pole  of  the  battery  is  connected  to  the  core  and  the  copper  pole  to 
the  plate. 

528.  It  is  very  advisable  to  employ  a  special  condenser  for 
making  these  tests,  for  if  one  is  used  which  has  been  charged  at 
any  time  with  a  high  battery  power,  it  will  often  be  found  that  a 
portion  of  this  charge  will  have  become  absorbed,  and  when  the 
condenser  is  left  to  itself,  this  portion  will  become  free  and  give 
a  discharge  which  may  be  mistaken  for  an  accumulation  through 
the  joint. 

Elbotbometer  Method. 

524.  Although  the  preceding  methods  of  testing  are  often  the 
only  ones  which  can  be  adopted,  yet  when  possible  it  is  best  to 
make  joint  tests  by  means  of  an  electrometer,  as  the  results  are 
always  more  trustworthy  than  those  obtained  by  the  condenser 
method,  since  they  are  free  from  the  source  of  error  mentioned 
at  the  end  of  the  last  paragraph. 
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Fig.  193  shows  the  conneotioiis  for  making  this  test,  which 
is  executed  in  the  following  manner : — 

After  the  insertion  of  the  joint  in  the  trough,  the  insulation 
of  the  latter  must  be  tested ;  this  is  done  by  pressing  down  key 
E^  and  moving  the  switch  S  over  to  its  v>eU  insulated  contact 


^^t^-/ 


-£t 


Fio.  19a 

stop  • ;  this  puts  the  ten-cell  battery  E;^  in  connection  with  the 
quadrants  of  the  electrometer,  and  thereby  charges  them  and 
causes  a  steady  deflection  of  the  needle.  Key  E^  being  kept 
depressed,  switch  S  is  now  opened  and  the  deflection  watched 
for  two  minutes  to  see  whether  there  is  any  sensible  fall  due  to 
the  charge  on  the  quadrants  leaking  to  earth  through  the  medium 
of  the  trough ;  if  this  loss  is  only  equal  to  two  or  three  divisions, 
the  insulation  of  the  trough  may  be  considered  to  be  good. 

Eey  E;i  is  now  released  and  switch  S  closed  so  as  to  discharge 
the  electrometer.  Switch  S  is  now  again  opened  and  key  E, 
depressed;  this  puts  the  200-cell  battery  E,  in  connection  with 
the  core  of  the  cable,  and  the  momentary  rush  of  current  into 
the  latter  causes  an  induced  charge  to  rush  out  of  the  trough  and 
produce  a  sudden  deflection  of  the  electrometer  needle ;  it  is  usual 
to  record  this  deflection,  although  it  is  of  ua  value,  except  to  show 
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that  the  yarioua  connections  haye  been  properly  made,  and  that 
the  joint  has  been  placed  in  the  trough. 

Key  Ej,  being  kept  depressed,  switch  S  is  now  moyed  over  to  • 
(so  as  to  discharge  the  electrometer),  and  then  again  opened.  The 
scale  of  the  electrometer  is  then  watched,  as  the  current  leaking 
through  the  joint  into  the  trough  accumulates  and  causes  a 
gradually  increasing  deflection  of  the  needle ;  the  amount  of  this 
deflection  should  be  noted  at  the  end  of  one  and  two  minutes  after 
the  opening  of  the  switch. 

After  the  observations  with  the  joint  have  been  made,  a  piece 
of  perfect  core  must  be  inserted  in  the  trough  and  a  similar  test 
executed,  the  results  of  which  should  not  difler  much  from  those 
obtained  with  the  joint.  It  always  happens  that  a  joint  gives  a 
greater  accumulation  than  an  equal  length  of  perfect  core,  unless 
indeed  the  joint  has  been  made  several  days  before  being  tested, 
wliich  is  seldom,  iS  ever,  the  case. 
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CHAPTER  XX. 
SPECIFIC  MEASUREMENTS. 

625.  In  order  to  oompare  the  relative  "Conductivity,"  "In- 
sulation/' and  "  Inductive  Capacity  "  of  the  materials  used  in  the 
construction  of  the  cores  of  submarine  and  other  cables,  it  is 
necessary  that  each  of  them  should  be  expressed  in  terms  of  some 
unit  vntii  which  the  comparison  can  be  made. 

The  standard  conductivity,  resistance,  and  inductive  capacity 
units  are  respectively  the  conductivity,  resistance,  and  inductive 
capacity  between  the  opposite  faces  of  a  centimetfe  cube  of  an 
imaginary  material  having  a  conductivity,  resistance  and  induc- 
tive capacity  represented  by  1 ;  and  the  conductivity,  resistance, 
or  inductive  capacity  of  any  material  expressed  in  terms  of  a 
centimetre  cube  of  the  latter,  are  respectively  the  specific  conduc- 
tivity, specific  resistance,  and  specific  indwitive  capacity  of  the  same. 

Relative  Conductivity. 

526.  For  practical  purposes,  "  specific  conductivity  "  expressed 
in  terms  of  a  centimetre  cube  is  not  a  convenient  unit  for  com- 
parison, the  generally  adopted  standard  is  that  of  pure  (according 
to  Dr.  Mathiessen)  *  copper  taken  as  lOO.f 

Now,  according  to  Dr.  Matthiessen,  1  metre  of  pure  soft  (that 
is  annealed)  copper  wire  weighing  1  gramme,  has  a  resistance  of 

*  Improvements  which  have  been  effected  in  the  manufacture  of  copper,  have 
enabled  better  results  to  be  obtained  than  that  given  by  Matthiessen's  standard. 
Wire  giving  101  per  cent  conductivity  is  frequently  met  with,  and  102  per  cent, 
is  not  uncommon.  It  may  be  mentioned  that  the  specific  gravity  of  the  copper 
with  which  Mathiessen's  experiments  were  made  appears  to  have  been  such  that 
1  cubic  foot  weighed  555  lbs. 

t  The  actual  resistance  of  a  centimetre  cube  of  pure  soft  copper  (Matthiessen's), 
at  60°  F.  is  '0000016964,  consequently  the  specific  conductivity  at  that  tempera- 
ture is  -  ^^  -   ^  .  =  589490.    But  since  the  standard  for  pure  copper  is  taken 

•0000J16964  ^  ^^ 

at  100,  if  we  wish  to  obtain  the  actual  specific  conductivity  of  any  wire  we  must 
multiply  its  percentage  of  conductivity  by  589490  and  divide  by  100,  i.e.  we  must 
multiply  the  peroent^e  by  5895. 
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*  1440  B.A.  (BritiBh  Association)  ohm  at  a  temperature  of  0°  Gent. 
(32°  F.) ;  but  it  appears  that  Dr.  Matthiessen  actually  made  his 
exact  determination  of  the  resistance  of  oopper,  at  a  temperature  of 
about  60°  F.,  and  that  the  value  '  1440  was  obtained  by  a  correction 
ooefficient  obtained  from  the  formula 

Besistance  at) Resistance  at  temperature  f  F. 

32°  F.       J  "  1  -  •  00216006"(?- 32°)"+^00W27¥(i°^^2°)* ' 

In  order  to  put  the  question  of  the  standard  of  pure  copper 
upon  a  definite  (if  not  strictly  correct)  basis,  it  has  been  decided 
(May  1899)  by  a  committee  of  manufacturers  and  experts,  that 

*  1440  corrected  up  to  60°  F.  by  the  above  formula  shall  in  future 
be  taken  as  the  standard,  and  that  this  value,  viz. : 

•1440  X  •9866»  X  1-061696  =  -160821  standard  ohms, 

shall,  for  accurate  determinations,  be  corrected  for  temperature,  by 
^* Clark,  Forde  &  Taylor's"  coefficients  (page  467),  whilst  for  com- 
mercial purposes,  the  formula 

E  =  r(l+  -00238  <°), 

shall  be  used,  the  constant  -00238  being  a  mean  value  of  Clark, 
Forde  &  Taylor's  coefficients. 

Now,  since  1  metre-gramme  of  pure  soft  copper  wire  has  at 
60°  F.  a  resistance  of  - 160821  S.  ohms  (-162870  B.A.  ohms),  there- 
fore I  metres  of  a  similar  quality  of  wire  will  at  the  same  tempe- 
rature have  a  resistance  /  times  as  great.  But  {  metres  of  the 
wire  will  weigh,  not  1  but  {  grammes,  consequently  {  metres 
weighing  1  gramme  must  have  a  resistance  of  {  x  2>  or  P,  x  '  160821 
S.  ohms ;  and,  further,  if  the  I  metres  weighed  to  grammes,  then 
the  resistance,  B,  would  be 

E  =  ^  ^  '^^^^^^  S.  ohms  at  60°  P. 
to 

If  I  is  expressed  in  feet  and  to  in  grains,  then 

P  X  -216226 
E  =  S.  ohms  at  60°  F.  [A] 

to 

This  formula  enables  the  conductivity  of  any  copper  wire  to  be 
determined ;  for  having  measured  ofif  a  definite  lengtii  of  the  latter, 
and  ascertained  its  weight,  temperature,  and  resistance,  then  the 

*  1  standard  (S.)  ohm  s=  'OSea  B.A.  ohm. 
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latter,  oompared  with  the  reeistance  of  a  pure  copper  wire  of  the 
same  length,  temperatare,  and  weight,  gives  tiB  by  direct  propor- 
tion, what  we  require. 

Far  example. 

Suppose  the  length  of  our  sample  wire  were  20  feet,  its  weight 
500  grains,  its  resistance  *  1740  S.  ohm,  and  its  temperature  50°  ; 
then  by  the  foregoing  formula  the  resistance  at  60°  of  a  pure 
copper  wire  of  a  similar  length  and  weight  will  be 

_       20  X  20  X  '216226        .^^^^  a     i. 
B  = ^QQ =  '17298  S.  ohm. 

But  by  the  table,  page  467,  the  relative  resistances  of  a  pure 
copper  wire  at  50°  and  at  60°  are  as  1-04279  to  1-06665,  therefore 
the  resistance  of  the  pure  copper  wire  at  50°  will  be 

1 • 04279 
•17298  X  TT06665  ^''^^^^^  S.  ohm. 

To  get  then  the  conductivity  (x)  of  the  wiie  sample,  we  have  the 
inverse  proportion 

•1740:  -16911::  100 :« 
or 

•16911  X  100       .^  ^ 
«'  = 0740— =  ^7-2; 

that  is  to  say,  the  conductivity  of  the  wire  sample  is  97  -  2  per  cent 
of  that  of  pure  copper. 

527.  In  the  case  of  a  cable  where  the  weight  per  knot  of  the 
conductor  is  always  known,  the  calculations  are  much  simpler, 
as  they  can  be  made  by  reference  to  Table  IL,  which  gives  the 
resistances  corresponding  to  various  percentages  of  conductivity 
of  a  conductor  1  knot  long  weighing  1  lb.,  and  at  a  temperature  of 
75°  F.     This  table  is  calculated  in  the  following  manner : — 

Besistanoe  of  1  metre-gramme  at  60°  F.  =  -150821  S.  ohm 

=  (by  table,  page  467)  -150821  x  jrj^  =  -155901  S.  ohm 

at  75°  F. 

2029 
Besistance  of  1  knot,  that  is  2029  yards,  or  metres, 

2029  ,^^^^,  2029      ^     . 

^"^«^^«  r093633  2^°^°^^  =  '^^^^^^  ^  r093633  ^'  ^^°"  ** 
75°  F. 
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Besifltanoe  of  1  knot  weighing  1  lb.  (453*59  grammes) 

^rr^^,  2029  2029  1  ^^o«  /.«  a    i. 

=  '155901  X X  X s=  1183'06  S.  ohms. 

A  i.Q93g33  X  1. 093533  ^  453.59       ^^°^  "^  D-uumii. 

This  latter  value  then  is  the  resistance  of  a  knot-pound  of  copper 
of  100  per  cent,  conductivity,  and  is  entered  in  the  table  as  such, 
the  other  values  being  obtained  by  direct  proportion. 

528.  The  way  in  which  the  table  would  be  used  is  as  follows : — 
Supposing  we  had  a  cable  whose  conductor  weighed  107  lbs. 

per  knot  (this  is  a  very  usual  weight  for  the  conductor  of  a  cable), 
and  whose  resistance  per  knot  at  75°  F.  was  found  by  experi- 
ment to  be  11  •  202  S.  ohms,  then  by  multiplying  11-202  by  107  we 
get  the  resistance  of  a  knot-pound  of  copper  of  a  corresponding 
conductivity.  11-202  x  107  =  1198*61  and  this  resistance  in  the 
table  corresponds  to  a  conductivity  of  98 '  7,  which  is  therefore  the 
percentage  of  conductivity  of  the  conductor  of  the  cable. 

529.  It  is  sometimes  required  to  determine  the  conductivity  of 
a  wire  whose  length  and  diameter  (d)  are  known ;  for  this  purpose 
the  weight  of  1  cubic  foot  of  soft  copper  may  be  taken  to  be  555  lbs. 
We  have  then, 

Weight  of  wire  1  foot  longi  _  /        1         V  ^  .785398» 

and  1  mil  in  diameter      f  -  ^  X  (^lOOO  X  12/   ^    ^^^^^^ 
X  565  X  7000  grains  =  -0211894  grains. 

Eesistanoe  of  wire  1  foot  longl  _  j^l6226  t 

weighing  -0211894  grains    I  ""  •02li89'4 

=  10  -  2045  S.  ohms,  at  60°  F. 

Since  the  resistance  of  a  wire  varies  inversely  as  its  sectional 
area,  that  is,  inversely  as  the  square  of  its  diameter  (d),  we  must 
have : — 

Eesistance  of  I  feet  of  pure)  _  I  x  10*2045  g  qV^s  at  60°  F 
copper  wired  mils  in  diameter)  "*"  cP  '  * 

If  the  temperature  of  the  wire  is  not  60°  F.,  then  a  correction, 
by  means  of  coefficients,  has  to  be  made. 

For  example. 

The  resistance  of  50  feet  (l)  of  copper  wire,  14  mils  (d)  in 
diameter,  is  found  to  be  2  •  7460  S.  ohms  at  a  temperature  of  65°  F. ; 
what  is  the  conductivity  of  the  wire  ? 


-  «=  -785398.  t  See  equation  [A],  page  i58. 
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Resistance  of  50  feet  of  purei      50  X  10-2045  ^    , 

copper  wire  14  mils  in  diameter  f  =       14  x  14      ^'  ^^°^'  **  ^^  ^• 

Applying  the  coefficients  given  in  the  table,  page  467,  we  get, 

T>    -x  x^rox,       50x10-2045      1-07861      ,,,«,„    ^ 

Resistance  at  65°  F.  =  — ^^      ^^ —  x  f:o6665  ~    '  ^'  ' 

then  by  inverse  proportion  we  have 

2-7460:  2-6324::  100  :», 


or 

2-6324  X  100      ^^  „^ 
*=        2^7460        =95-86; 

that  is  to  say,  the  conductivity  of  the  wire  sample  is  95  *  86  per  cent, 
of  that  of  pure  soft  copper. 

530.  The  diameter  of  the  wire  in  mils  may  readily  be  measured 
by  means  of  the  gauge  shown  by  Fig.  194.  The  complete  turn  of 
the  finger  screw  represents  ^th  of  an  inch, 

and  as  the  screw  has  a  scale  on  it  divided 
into  20  parts,  each  part  being  |^th  of  a 
complete  revolution  of  the  screw,  therefore 

each  part  or  division  represents  = 

-1- ih  of  an  inch,  Le.  1  mil.  ^^'  ^^' 

1000 

In  order  to  prevent  undue  force  or  pressure  being  exerted  by 

the  screw  when  the  latter  is  screwed  up  so  as  to  grip  the  wire 

being  measured,  these  gauges  are  sometimes  fitted  (as  suggested 

by  Mr.  Herbert  Taylor)  with  a  cap  which  runs  spring-tight  over 

the  part  of  the  screw  which  is  manipulated  by  the  fingers,  so  that 

as  soon  as  the  screw  is  turned  sufficiently  to  fairly  grip  the  wire, 

this  cap  (which  is  being  held  by  the  fingers)  slips  round,  and  a 

limit  is  thus  placed  tp  the  pressure  that  can  be  exerted. 

531.  In  the  case  of  small  wires  where  it  is  difficult  to  measure 
the  diameter  with  great  accuracy,  it  is  preferable  to  test  for  specific 
conductivity  by  weight  rather  than  by  gauge,  for  by  taking  a 
sufficient  length  of  wire  we  can  determine  the  value  of  the  weight 
as  accurately  as  we  please.* 

532.  Table  IIL  shows  the  resistances,  &c.,  of  various  gauges  of 
pure  copper  wire  at  60°  F. 


♦  Diameter  in  mils  =  length  in  feet  x      /.weight    y^  -08697. 


\/i^ 


grams 
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SpBcinc  Insulation. 

533.  By  Specific  InBukUion  is  meant  the  specific  resistance  (S  525, 
page  457)  of  any  insulating  material  In  this  case,  as  we  have  no 
pure  standard  material  with  which  to  make  a  comparison,  we  cannot, 
as  in  the  case  of  wire,  get  a  piece  of  a  certain  length  and  compare  it 
by  measurement  with  another  piece  whose  yalue  has  been  fixed 
experimentally,  and  which  we  can  call  100 ;  the  resistance  there- 
fore of  a  centimetre  '(or  multiple  of  a  centimetre)  cube  of  an 
imaginary  material  whose  yalue  is  taken  as  1  megohm  is  adopted 
as  a  standard ;  the  resistance  of  any  material  expressed  in  terms  of 
such  a  cube,  i.e.  the  specific  resistance  of  the  material,  gives  the 
relatiye  value  required. 

Now,  the  form  in  which  gutta-percha  or  other  insulating  ma- 
terial is  used  for  submarine  or  other  cables  is  that  of  a  cylinder,  in 
which  the  conducting  wire  is  concentrically  placed ;  and  we  have 
to  determine  from  the  observed  resihtance  of  a  known  length  of  the 
cable,  and  from  the  dimensions  of  the  external  and  internal  dia- 
meters of  the  cylinder,  what  the  resistance  of  a  centimetre  cube  of 
the  insulating  material  would  be.  As  this  is  an  interesting  problem, 
we  will  give  it  at  length. 

Looking  at  a  transverse  section,  let  us  suppose  the  sheathing  to 
be  divided  into  a  number  of  concentric  circles,  such  that  the  resist- 
ance of  the  piece  between  any  two  circles  equals  p.  For  this  to  be 
the  case,  it  is  evident  that  the  circles  nearer  the  circumference  must 
be  of  a  greater  thickness  than  those  near  the  centre,  since  their 
circumferences  are  greater. 

Let  there  be  n  of  these  circles,  so  that  n  p  =  B  (p  here  corre- 
sponds to  the  little  interval  of  time  t  in  the  loss  of  charge  problem, 
page  361,  §  397). 

ds      ] 
Kow,  if  h  be  the  internal  and  external  radii  or  diameters 

dd  +  i) 
of  any  one  cylinder,  and  if  the  differenoe  dd  ^  i  —  dd  is  very  small, 
the  resistance  of  the  cylinder  will  be 

(dd+  1  —  dd)  a- 
2nlrd       ' 

where  I  is  the  length  of  the  cable,  and  o-  the  specific  resistance  of 
the  insulating  material. 

Now,  the  smaller  we  make  dd  +  i  ^  dd,  the  nearer  will  this  be 
true.    But  in  order  to  do  this,  we  must  make  p  small  and  n  large. 
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Now 


(dd  +  i^  dd)a- 
\wlrd      ■ 


2\rlr^      ""^* 


since  p  equals  the  resistance  of  eaoh  cylinder ;  therefore 

then,  as  in  the  prohlem  we  have  referred  to, 

where  d^  or  D,  is  the  external,  and  dd,  or  d,  the  internal  radius  or 
diameter  of  the  sheathing ;  that  is, 

and  the  larger  n  is,  the  nearer  is  this  true ;  therefore  make  p  =  0, 
and  n  =  00,  so  that  n  p  still  equals  B ;  we  then  get  a  perfectly 
accurate  result.    Let 

2  7rZR      1 

an     "  X* 

so  that  X  =s  Qo  ^when  n  =  oo .    Then 

3ir{R 


"-[(-DT 


when  OS  =  00,  but  when  this  is  the  pase,  the  expression  within  the 
square  brackets  is  known  to  be  equal  to  e,*  thus 


SirlR 

D        -7- 
1=^         ' 


therefore 


JTT 


log.^ 


*  Toclhunter'B  Algebra,  Chapter  XXXIX. 
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or  putting  the  nnmerioal  yalneB  of  the  constants,  and  snbstitnting 
oommon  for  natural  logs, 

RZ  2-728 

log  5 

Sinoe  D  an<1  d  are  in  the  form  of  a  proportion,  it  is  immaterial 
in  what  units  they  are  expressed,  but  {  must  be  in  centimetres 
and  R  in  megohms,  R  being  the  total  resistance  of  the  length  {. 

534.  In  practice  the  numerical  yalue  worked  out  from  the 
foregoing  formula  is,  for  all  insulating  materials,  very  excessive, 
hence  it  is  preferred  to  make  the  practical  dimension  of  cr  to  be 

.-  /v^^  ^^^  .v^^th  of  its  actual  dimension,  so  that  the  formula  for 
1,000,000,000 

practical  use  is 

RZ  2-728 


log^x  1,000,000,000 


Far  example. 

The  core  of  a  cable  1  statute  mile  long  had  an  insulation  of 
5000  megohms.     Its  external  diameter  was  '5  inch,  and  internal 
diameter  -314  inch.     What  was  its  specific  insulation  resistance  ? 
5000  X  160930  x  2-728 

or   = =    lO'obO. 

logy^X  1,000,000,000 

If  we  arrange  that  R  is  the  resistance  of  a  statute  mile  of  the 
wire,  then  uince 

160930  X  2-728 


1,000,000,000 


=  -000439, 


therefore  the  formula  becomes 

R  X  -000439 

^  =  — -D 

If  B  is  the  resistance  peT  Jmot,  then  we  have 
E  X  -000506 
*'=— -D 

535.  Referring  to  equation  [A],  page  463,  since  * 
•  Todlmnter'8  Algebra,  Chapter  XXXIX. 


[B] 


[C] 
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then  if  D  and  d  do  not  differ  largely,  we  may  neglect  all  the  terms 
after  the  first  without  considerable  error;  so  that  equation  [A] 
becomes 

-RItt 

B  +  d 
or  if  we  substitute  thickness,  /,  of  material,  we  get 

Further,  if  we  substitute  the  value  of  ir,  &c.,  then  equation  [B] 
becomes  simplified  to 

cr  =  Ex  -0005056^4^, 
a 

which,  since, the  simplified  formula  actually  makes  o*  rather  too 

large,  may  be  written 

d  4-  t  d  4-  t 

<r  =  R  X  -OOOS^J— =  R^^4-2000. 
t  t 

Similarly,  formula  [C]  becomes 

0-  =  R  X  -0005829  -4^', 
a 

which  for  practical  purposes  may  be  written 

d  +  t 


a 


=  R  --f-  -4-  1700. 


636.  It  should  be  understood  that  these  simplified  formulas  are 
only  approximate,  but  they  can  be  relied  upon  to  within  about  1 
per  cent,  if  the  thickness  of  the  insulation  is  not  more  than  about 
^th  of  the  diameter  of  the  conductor ;  examples  like  this  are  con- 
tinually met  with  in  the  case  of  electric  light  leads,  though  not 
in  the  case  of  submarine  cables,  for  which  the  simplified  formulfe 
can  be  only  regarded  as  roughly  approximate,  and  convenient  only 
for  check  purposes. 

Specific  Inductive  Capacity. 

637.  From  what  has  been  said  on  page  423,  §  481,  it  will  be 
evident  that  the  formula  for  giving  the  specific  inductive  capacity 
(ilr)  of  a  cable-core  will  be 

log- 

~  "^  -000506' 

where  F  is  the  capacity  per  knot  of  the  core  in  microfarads. 

2  H 
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CHAPTER  XXI. 
COBBEOTIONS  FOB  TEMPEBATUBE. 

538.  In  order  to  make  tests  for  Conductivity,  Insnlation 
Besistanoe,  or  Electrostatic  Capacity,  strictly  comparative,  it  is 
either  necessary  that  they  be  made  at  the  same  temperature,  or, 
when  this  cannot  be  done,  the  temperatures  at  which  they  are 
taken  should  be  noted,  and  a  correction  made. 

Corrections  fob  Conductor  Besistance. 

539.  For  a  considerable  period  it  was  regarded  as  proved, 
that  when  the  temperatures  were  not  very  widely  different,  then 
for  every  degree  of  increase  in  temperature,  an  equal  percentage  of 
increase  in  resistance  took  place ;  that  is  to  say,  if  the  resistance 
increased  at  a  certain  rate  per  cent,  by  a  rise  of  one  degree  of  tem- 
perature, it  would  be  increased  by  the  next  degree  of  rise,  at  the 
same  rate  per  cent,  calculated  on  the  new  resistance. 

If  this  were  so,  it  will  be  evident,  on  consideration,  that  the 
percentage  of  increase  for  a  certain  number  of  degrees  will  be  the 
same  at  whatever  part  of  the  scale  these  degrees  are  taken.  Thus, 
if  a  resistance  increased  25  per  cent,  between  30^  and  40°,  it  would 
increase  25  per  cent,  between  65°  and  75°. 

Results  obtained  from  time  to  time,  however,  appeared  to  indi- 
cate that  it  was  doubtful  if  this  '*  compound  interest "  law  could  be 
regarded  as  being  correct,  and  recent  and  very  careful  experiment's 
made  by  Messrs.  Clark,  Forde  &  Taylor  have  practically  confirmed 
the  supposition  that  the  law  is  not  a  correct  one.  Messrs.  Clark, 
Forde  &  Taylor  have  found  that  as  regards,  pure  copper,  the 
formula 

Ri  =  R32  (1  +  -0023708  (t  -  32°)  +  -00000034548  (t  -  32°)), 

in  which  B4  is  the  resistance  at  a  temperature  t,  and  B32  is  the 
resistance  at  freezing  point,  is  accurate  within  j^^^ths  of  a  degree 
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Tahrenheit  for  all  temperatures  between  85°  and  32''  F.  The 
following  table  is  calculated  from  this  formula,  K32  being  taken  as 
unity. 


l>egrees. 

K| 

Degree*. 

Resistance. 

Degrees. 

RestMlanoe. 

85 

1' 12662 

67 

1-08340 

49 

1-04010 

84 

1- 12422 

66 

1-08101 

48 

1-03802 

83 

1- 12181 

65 

1- 07861 

47 

1-03564 

82 

1- 11940 

64 

1-07622 

46 

1-03326 

81 

M1700 

63 

1-07383 

45 

1-03088 

80 

1- 11459 

62 

1- 07143 

44 

1-02850 

79 

1-11219 

,       61 

1-06904 

43 

1-02612 

78 

1-10979 

60 

1-06665 

42 

1-02374 

77 

1- 10739 

59 

1-06426 

41 

1-02137 

76 

1- 10498 

58 

1-06187 

40 

1-01899 

75 

1- 10258 

1       57 

1-05949 

•     39 

1-01661 

74 

1-10018 

i       56 

1-05710 

88 

1-01424 

73 

1-09778 

55 

1-05471 

37 

1  01186 

72 

1-09538 

1    =* 

1-05232 

36 

1-00949 

71 

1-09299 

1    53 

1- 04994 

35 

1  00712 

70 

1-09059 

;     52 

1-04755 

34 

1- 00474 

69 

1  08819 

51 

1-04517 

33 

1- 00237 

68 

1-08580 

50 

1-04279 

32 

1-00000 

540.  As  the  principal  use  of  the  coefficients  is  to  enable  a 
resistance  at  any  temperature  to  be  corrected  to  Ib^^  for  this 
j>urpose  a  modification  of  the  foregoing  table  is  necessary,  as 
follows : — 

This  modification  consists  in  making  the  coefficient  for  75° 
equal  to  1,  and  reducing  all  the  other  coefficients  in  the  ratio  of 
1-10258  (the  coefficient  for  75°  in  the  table)  to  1;  thus  the 
coefficient  for  60°,  for  example,  becomes 

1-06666^ 
1-10258 

that  is  to  say  -96741  is  the  coefficient  for  correcting  to  75°,  a 
resistance  which  is  at  a  temperature  of  60^ ;  and  we  should  have 
to  divide  the  resistance  at  60°,  by  '96741,  in  order  to  so  correct  it. 

541.  In  most  cases  it  is  preferable  to  have  multiplying  coeffi- 
cients for  the  purpose,  and  this  we  obtain  by  using  the  reciprocaU 

2h2 

Digitized  by  VjOOQ  IC 


468  HANDBOOK  OF  ELECTRICAL  TESTING. 

of  the  ooeffioieiits  obtained  in  the  foregoing  manner ;  thus  the  60^ 
coefficient  becomes 

1 


•96741 


=  1-0337. 


Table  lY.,  given  at  the  end  of  the  book,  is  compiled  in  this 
manner. 

542.  This  table  can  of  course  be  used  for  the  purpose  of 
correcting  from  any  one  temperature  to  any  other  temperature 
other  than  75°,  thus  if  we  required  to  correct  from,  say,  40°  to  60°, 
then  we  muUiply  the  resistance  at  40°  by  the  40°  coefficient,  yiz. 
1-0821,  and  divide  the  result  by  the  60°  coefficient,  viz.  1-0337. 

It\fluBne$  of  Conducting  Power  upon  Variation  of  Betittanoe 
hy  Change  of  Temperature. 

543.  AooordiDg  to  Mntihieasen,*  the  inflaenoe  of  temperatare  upon  the  resist- 
ftnoe  of  metals  Tariea  according  to  the  oonducting  power  of  the  metal,  the  law 
being,  that  ^  the  percentage  of  decrement  in  the  eotiducting  power  of  an  impure 
metal,  between  0^  C.  and  100®  C,  is  to  that  of  the  pure  one,  between  (P  C.  and 
100°  G.,  as  the  conducting  power  of  the  impure  metal  at  100°  C.  is  to  that  of  the 
pure  one  at  100°  C."    A  numerical  example  will  beat  explain  this  law : — 

Supposing  we  have  two  wires  of  the  saqoe  metal,  one  of  which  is  pure  and  the 
other  impure,  and  we  take  such  a  length  of  each  that  they  both  have  a  resistance 
of  800  ohms  at  0°  G. ;  and  suppose  that  the  relative  specific  conductivities  of  the 
two  kinds  of  metal  are  as  loO  to  90.  Now  if  we  found  that  the  pure  sample 
increased  its  resistance  from  300  to  420  ohms,  or  40  per  cent,  when  the  tem- 
perature was  increased  to  100°  G.,  then  we  should  find  that  the  impure  sample 
when  raised  to  100°  G.  would  have  increased  its  rohistance  to  408  ohms,  or  36  per 
cent.,  for 

100:  90::  40:  36. 

From  this  it  appears  that  the  correction  coefficients  require  to  be  varied  according 
to  the  purity  of  the  metal,  but  if  we  know  what  the  coefficients  are  for  the  pure 
metal,  and  also  the  specific  couductivity  of  the  metal,  we  can  correct  the  co- 
efficients accordingly.  Let  R  be  the  resistance  of  both  the  pure  and  impure 
metals  at  a  temperature  f,  and  Bi  the  resistance  of  the  pure  metal  at  a  tempera- 
ture <i,  and  let  ic  be  the  coefficient  required  to  correct  B  to  the  latter  temperature, 
that  is,  let 

B,  =  Bic.  [1] 

Let  B,  be  the  resistance  of  the  impure  metal  at  the  temperature  ij,  and  kt  k, 
be  the  coefficient  required  to  correct  B  ix)  this  temperature,  that  is,  let 

R.  =  Bir..  [2] 

Also  let  G  and  Gj  be  the  specific  conductivities  of  the  pure  and  impure 
metals. 

Lastly,  let  p  and  pi  be  the  percentages  of  increase  in  resistance  of  the  two 
samples  respectively,  between  the  temperatures  t  and  ^|. 

»  PhiL  Trans.,  1864,  p.  167. 
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We  then  have  the  following  equations : — 

p  =  5^«100  [3] 


and  the  proportion 
or 


p.  =  5^«100  [4] 


pipiiiOiC^ 


Pi      Cj' 
but  from  equations  [8]  and[4]  we  get 

^  "  ^>  100 
p  ^      B  ^  B-B,. 

Pi     ^""^100        B-Bt' 
B 

therefore 

0  _B-B, 
Ci-B^TE.' 

or,  sabetitnting  the  values  of  Bj  and  B,,  obtained  from  the  equations  [1]  and  {2}, 
we  get 

C       B-Bic       1-ic. 


therefore 
that  is 


As  the  spedilo  conduetiyity  of  the  pure  metal  is  always  taken  as  100,  the 
formula  becomes 

For  example. 

From  Table  lY.,  the  correotion  coefficient  for  correcting  from  45°  to  75^  is 
1'0695,  for  pure  copper.  What  is  the  coefficient  for  copper  whose  conduotivitj 
is  96  per  cent,  of  that  of  the  pure  metal  ? 

K,  =  1  +^^  (1-0C95  -  1)  =  10605. 
In  practice  the  foregoing  correction  is  seldom,  if  eyer,  used. 

Determination  of  the  Temperature  of  a  .Wire 
BY  Change  of  Eesistance. 

544.  By  a  reverse  process  to  the  foregoing  we  can  tell  what 
the  temperatare  of  a  wire  is,  if  we  know  what  is  its  resistance  at 
one  temperature,  and  also  its  resistance  at  the  unknown  tempera- 
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ture.  For  all  we  have  to  do  is  to  divide  one  resifltanoe  by  the 
other,  and  note  with  what  number  of  degrees  of  temperature 
the  coefficient  so  obtained  corresponds ;  then  this  result  shows  the 
number  of  degrees  the  wire  has  above  or  below  the  temperature 
at  which  the  wire  was  measured. 

Thus,  for  example,  if  it  were  known  that  the  conductor  resist- 
ance of  a  cable  measured  at  a  temperature  of  75°  F.  was  2000 
ohms,  and  at  an  unknown  temperature  it  was  1960  ohms,  then 

1960  ' 

and  this  coefficient  from  Table  lY.  corresponds  to  a  temperature 
of  66°  F.,  which  is  consequently  the  temperature  of  the  cable. 

CORRBCTIONS  FOR  INSULATION   RESISTANCE. 

545.  The  law  of  change  of  resistance  by  change  of  temperature 
for  Inmlaior$  is  the  reverse  of  that  for  Conducton,  that  is  to  say, 
increase  of  temperature  diminishes  their  resistance,  and  vice  vend. 
The  "  compound  interest "  law  (page  466)  although  not  applicable 
for  conductor  resistance  corrections,  is  generally  applied  in  the 
case  of  ^^  insulation  resistances.*'  This  law  is  similar  to  the  law 
for  the  fall  of  potential  in  an  insulated  cable  (page  428).  We 
have  simply,  in  fact,  to  substitute  resistances  for  potentials,  and 
degrees  of  temperature  for  intervals  of  time,  in  any  of  the  formulaa 
relating  to  the  fall  of  potential,  and  we  get  our  formul»  for  change 
of  resistance  by  change  of  temperature. 

At  the  end  of  Chapter  XVI.  (page  430)  we  obtained  a  formula 


.V(^/: 


if,  then,  we  suppose  a  resistance  to  have  decreased  from  B  to  r, 
by  an  increase  of  temperature  of  fl^  and  to  r^,  by  an  increase  of  n^^ 
by  substitution  in  the  foregoing  formula,  we  get  the  equation 


=  «(0 


or 


as  representing  the  relation  between  these  quantities. 

Digitized  by  VjOOQ  IC 


CORRECTIONS  FOR  TEMPERATURE.  471 

Now  —  is  the  ratio  of  increase  of  resistance  for  n.^  of  difference 

of  temperature,  hence  if  we  have  a  resistance  B|  at  a  temperature 
f,  of  an  insulating  material  similar  to  that  of  B  (in  the  foregoing 
case),  and  we  wish  to  know  its  resistance  u^  when  increased  in 
temperature  to  <i®,  then  if  n^^  =  (°  —  <i**,  we  have 


Suppose  then  we  had  a  wire  insulated  with,  say,  gutta-percha,  the 
insulation  resistance,  R,  of  which  at  40"  was  found  to  be  22,000 
megohms,  and  whose  insulation  resistance  r  at  85^  was  700  meg- 
ohms, then  the  insulation  resistanoe  had  decreased  its  value  from 
22,000  to  700,  by  an  increase  of  temperature  of  85°  -  40°  =  45° 
(n°).  We  therefore  know  that  any  other  wire  insulated  with  a 
similar  material  will  decrease  its  insulation  resistanoe  to  the  same 
relative  amount  by  a  decrease  of  45°  of  temperature,  that  is,  we 
have 

5'=  (l«^0)^=  (1.0796/-"°. 
that  is, 

(1-0796) 
The  quantity 

(1-0796/"''° 

then,  is  the  coefficient  by  which  B^  must  be  divided  in  order  to 
determine  its  value  when  its  temperature  is  increased  from  <i° 
to<°. 

546.  If,  as  is  usually  the  case,  the  resistances  have  to  be 
corrected  to  76°  F.,  then  <°  =  75°.  In  Tables  V.,  VI.,  and  Vn., 
coefficients  for  various  differences  of  temperature  are  given,  calcu- 
lated in  the  foregoing  manner. 

547.  The  influence  of  temperature  is  very  much  greater  on 
insulators  than  on  conductors ;  thus,  whereas  a  copper  wire  would 
only  increase  its  resistance  from  1000  ohmis  to  1036  ohms  by  an 
increase  of  15°  F.  of  temperature;  a  gutta-percha  core  would 
increase  its  resistance  from  1000  megohms  to  about  9000  meg- 
ohms by  the  same  amount  of  decrease  of  temperature.  The 
amount  of  the  change  of  resistance  by  change  of  temperature, 
which  takes  place  in  the  case  of  insulating  materials,  is  dependent 
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upon  the  qualitj  of  the  latter,  and,  therefore,  the  oorreotion 
ooefficients  for  the  same  can  only  be  regarded  as  approximately 
correct. 

Effect  of  Temperature  on  Inductive  Gapacitt. 

548.  Mr.  W.  J.  Mnrphy  has  proved  experimentally  that  neither 
pressure  nor  temperature  affect  the  true  capacity  of  a  cable  core 
insulated  with  gutta-percha.  Careful  tests  were  made  for  several 
days  on  150  knots  of  cable,  prior  to  and  after  the  laying  of  the 
E^ame  into  a  depth  of  some  1000  to  1100  fitthoms  of  water,  which 
meant  changing  the  temperature  of  the  cable  from  83°  F.  to  about 
37°  F.,  and  increasiog  the  pressure  from  1  to  nearly  20  atmo- 
spheres. The  tests  were  made  while  the  cable  was  in  the  ship's 
tanks  and  at  the  higher  temperature,  and  repeated  while  tiie 
cable  was  being  laid  out,  and  again  after  it  had  been  down  for 
some  time,  and  had  therefore  settled  down  to  the  lower  tempera- 
ture and  greatly  increased  in  dielectric  resistance  in  consequence. 
No  change  in  its  true  capacity  could  be  detected. 

549.  In  the  case  of  vmes  insulated  with  indiarubber,  howcTer, 
there  is  marked  effect  at  a  high  temperature ;  thus  the  results  of  ex- 
peri  ments  made  by  Mr.  W.  Maver  *  showed  that  a  change  of  tem- 
perature from  100°  F.  to  212°  F.  increased  the  capacity  nearly  140 
per  cent.  The  dimensions  of  the  insulated  wire  on  which  the 
experiments  were  made,  were  as  follows: — Conductor,  97  mils; 
thickness  of  insulation,  126  mils.  No  data,  it  is  believed,  exist  as 
to  the  effect  of  change  of  temperature  below  100°  F. 

Corrections  when  Two  Sections  of  a  Cable  are  at 
Different  Temperatures. 

550.  It  is  very  often  the  case  in  cable  factories  that  two  sections 
of  the  cable  are  in  different  tanks  at  different  temperatures.  As  the 
whole  length  must  be  tested  in  one  section,  it  may  be  necessary  to 
know  what  correction  must  be  applied  to  the  measured  resistance 
of  the  whole  length  of  cable  to  correct  it  to  the  value  it  would 
have  at  one  uniform  temperature. 

CorrecHona  for  *^  Conductor  BesUiance"  when  Two  Sections 
of  a  Cable  are  at  Different  Temperatures. 

551.  Let  li  and  Zj  ^  ^^  two  lengths  of  the  cable  in  the 
different  tanks,  also  let  r^  and  r^  be  the  respective  conductor 

*  •  The  Electrical  Eugineer/  (New  York),  August  I2ih,  1891. 
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resistanoes  of  the  two  sections  at  the  temperatures  of  the  tanks, 
and  let  P«  be  the  resistance  of  the  two  together.  Also  let  ki  and 
k^  be  the  coefficients  by  which  r^  and  r^  must  be  multiplied  respec- 
tively in  order  to  reduce  them  to  the  values  they  would  have  at 
one  uniform  temperature,  and  let  B«  be  the  total  resistance  of  the 
cable  at  this  uniform  temperature;  we  then  have  the  following 
equations : 

P«  =  *•!  +  »"a^ 

h   ^r,k,,  L^J 

^2  ^2  *2 


therefore 

Re 

and  also  we  may  say 

KZi  =  riii,     or,    n  = -TT, 


K 


In  —  Tg  W2>     or,     fg  —  -J-—, 


i;. 


3 


where  k  is  a  constant ;  therefore 

If  Zi  and  I2  are  the  lengths  of  the  portions  of  the  cable  in  knots, 
then  the  corrected  resistance  per  knot  (r^)  will  be 

r.  =  P.  f^H-Gx  +  h)  =  y^.  [2] 

_}    4.    -1  -1    4.    -1 

For  example. 

At  a  cable  factory  there  were  16  knots  {l{)  of  manufactured 
cable  lying  in  a  tank  whose  temperature  was  50°  F.  Connected 
to  this  cable  were  5  knots  (I,)  of  core  in  a  tank  whose  tempera- 
ture was  55°  F.  The  total  observed  conductor  resistance  of  the 
20  knots  was  215  ohms  (PJ.  What  would  be  the  conductor 
resistance  per  knot  (r.)  of  the  cable  and  core  at  75°  F.  ? 

From  Table  IV.  we  have 

fti  =  1-0573,     ita  =  1-0454; 
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therefore 

r.  =      ,,     ^^^ — r—  =11-33  ohms. 
15  6 

r0573  ■*■  F045i 

CarredioM  for  *'  IntuUUion  Benstance  "  when  Two  SecHona 
of  a  Cable  are  at  Different  Temperatures. 

552  Let  li  and  Z,  be  the  lengths  of  the  two  sections,  r^  and  r^ 
their  respective  insulation  resistances  at  the  temperature  of  the 
tanks,  P<  the  combined  resistance  of  the  two  sections,  ib^  and  h^  the 
coefficients  by  which  r^  and  r^  must  be  divided  in  order  to  reduoe 
them  to  the  values  they  would  have  at  one  uniform  temperature, 
also  let  B^  be  the  combined  resistance  of  the  two  sections  at  this 
uniform  temperature ;  then  we  have  the  following  equations : 


ri+r^ 


r. 


B.=  £ 


a 


K  r,  n 


1'2 


therefore 


^    ,   ^       fi  «2  +  '"a  *i 
•a       ^        **i  *a 


[3] 


and  also  we  may  say 

i^h-r^K     or,    ra  =  ^, 

f'a  =  n*a»     or,    ri  = -r-^, 
where  k  is  a  constant ;  therefore 
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If  Z^  and  ^2  are  the  lengths  of  the  sections  in  knots,  then  the 
corrected  resistance  per  knot  (r<)  will  be 

For  eosample. 

Taking  the  same  lengths  and  temperatures  as  in  the  previous 
example,  let  ns  suppose  that  the  total  observed  insulation  resist- 
ance of  the  20  knots  was  160  megohms  (P<);  what  would  be  the 
insulation  resistance  per  knot  (r<)  at  75°  F.,  the  insulator  being 
Willoughby  Smith's  gutta-percha  ? 

From  Table  VI.  we  find 

Jbi  =  6-928,    *3  =  4-704, 
therefore 


Approximate  Corrections  for  Conductor  and  Insulation  Resist- 
ance WHEN  Two  Sections  of  a  Cable  are  at  Different 
Temperatures. 

553.  Instead  of  correcting  each  section  from  its  actual  to  the 
required  temperature,  in  the  way  shown,  we  could  assume  that 
the  whole  length  had  a  temperature  which  was  a  mean  between 
the  two  actual  temperatures,  and  correct  the  resistances  by  the 
coefficients  (both  for  conductor  and  insulation  resistance)  corre- 
sponding to  that  mean  temperature.  This  mean  temperature  may 
be  calculated  approximately,  on  the  evident  assumption  that  its 
value  is  closer  to  the  temperature  of  the  longer  length,  in  propor- 
tion to  the  proportion  which  the  longer  length  bears  to  the  shorter 
length.    Let  us  therefore  have 

<j°  =  temperature  of  length  l^ 
tj'  =  mean  temperature ; 
then,  assuming  ^^  to  be  the  higher  temperature,  we  have 

•1    ""  ^m    •  *•!    "-  tj  • .  .  *2  •  *i » 
C/3+C«l  =  <l°^  +  '2°«2' 


therefore 


or 
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that  is, 

For  example. 

At  a  cable  factory  there  were  15  knots  (l^)  of  manufactured 
cable  lying  in  a  tank  whose  temperature  was  50°  (ti°)  F.  Con- 
nected to  this  cable  were  5  knots  (l^)  of  core  in  a  tank,  whose 
temperature  was  55°  (<x°)  F.  What  was  the  mean  temperature 
(C)  of  the  whole  length  ? 

50  X  15  +  55x5  ^  1025  ^ 
'-   -      '     15  +  5  -    20    "  ^i'-*^- 

As  a  rule  the  temperature  coe£ScientB  are  only  given  for  degrees 
and  half  degrees,  as  in  Tables  lY.,  Y.,  YI.  and  YIL ;  consequently, 
in  cases  where  the  mean  temperature  works  out  to  a  fraction  of  a 
degree  other  than  *  5,  we  should  take  the  coefScient  of  the  degrees 
which  are  nearest  in  value  to  the  calculated  temperature ;  this  is 
usually  sufBcient  for  aU  practical  purposes.  In  the  above  example 
it  is  obvious  that  the  coefficient  is  a  mean  value  between  the 
coefficients  for  51°  and  51  *5°,  consequently,  in  such  a  case,  we  can 
by  a  very  simple  calculation  see  what  the  exact  (practically) 
coefficient  would  be.  Thus  for  example,  the  coefficients  in  Table 
lY.  for  51°  and  51*5°  are  1-0549  and  1-0537  respectively,  conse- 
quently the  coefficient  for  51  •  25°  is  obviously  ^ '  Q^^^  +  ^ '  0^37^  or 

2 

1-0543. 

Practical  Appugation  of  Corrections  for  Temperature. 

554.  When  a  cable  is  in  course  of  manufacture,  the  insulated 
conductor  (or  "  core  "  as  it  is  called),  before  being  covered  with 
the  protecting  sheathing,  is  placed  in  water  heated  to  a  temperature 
of  75°  F.,  and  is  kept  in  the  same  for  a  period  of  not  less  than 
24  hours.  By  this  lengthened  immersion  the  core  acquires  the 
temperature  of  the  water  throughout  its  mass.  Careful  tests  are 
then  made.  After  the  core  has  been  sheathed,  it  is  coiled  into  a 
tank  and  kept  covered  with  water  at  a  normal  temperature,  and 
tests  are  made  regularly  every  day  to  ascertain  its  condition.  As 
regards  the  testing  of  the  conductor,  it  was  usually  the  practice 
to  take  a  resistance  measurement  and  then  to  correct  the  same  to 
75^  by  means  of  the  coefficient  corresponding  to  the  temperature 
of  the  water  in  the  tank  in  which  the  cable  is  coiled ;  this  corrected 
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result,  if  the  oondnotor  were  in  proper  condition,  wonld  obviously 
correspond  with  the  results  obtained  from  the  core  at  the  75°  tem- 
perature. 

Now,  owing  to  the  slowness  with  which  the  gutta-percha 
covering  conducts  heat,  unless  a  considerable  time  has  elapsed 
after  the  immersion  of  the  sheathed  cable  in  the  tank,  the  tem- 
perature of  the  water  in  the  latter  would  not  necessarily  indicate 
the  precise  temperature  of  the  conductor,  consequently  the  actual 
tests  at  75°  and  the  corrected  observed  results  might  not  corre- 
spond. The  object  of  a  conductor  test,  made  in  the  foregoing 
manner,  would  of  course  be  to  ascertain  whether  the  conductor 
had  deteriorated  in  any  way  during  the  course  of  manufacture ; 
experience  has,  however,  shown  that  no  such  deterioration  ever 
does  take  place,  and  that  consequently  a  corrected  conductor  test, 
even  if  it  were  accurate,  is  practically  of  no  value.  At  the  present 
time,  therefore,  it  is  the  invariable  practice  to  make  use  of  the 
conductor  test  for  the  purpose  of  ascertaining  the  internal  tem- 
perature of  the  core,  so  that  a  correct  reduction  coefficient  may  be 
applied  to  the  insulation  test  of  the  insulating  covering.  The 
method  of  obtaining  the  temperature  has  been  indicated  in  §  544, 
page  469.  In  cases  where  the  calculated  internal,  and  the  observed 
external,  temperatures  do  not  correspond,  the  reduction  coefficient 
corresponding  to  the  mean  of  the  two  is  sometimes  taken  for 
correcting  the  insulation  resistance. 

When  the  manufacture  of  a  cable  is  quite  completed,  and  the 
latter  has  been  allowed  to  remain  in  the  tanks  for  24  hours  or 
more,  the  external  observed,  and  the  internal  calculated,  tempera- 
tures will  generally  correspond  very  closely. 

555.  In  certain  cases  it  happens  that  a  length  of  cable  may  be 
coiled  in  two  different  tanks  which  are  at  different  temperatures ; 
in  such  cases  the  temperature  calculated  from  the  conductor  resist- 
ance is,  of  course,  a  mean  of  the  two. 

556.  It  should  be  remarked  that  the  corrections  indicated  in 
paragraphs  551,  552,  and  553,  although  not  generally  used,  are 
still  employed  in  some  cases. 

557.  As  has  been  pointed  out  in  §  456,  page  410,  the  late 
Mr.  Hockin  verified  the  curious  fact  that  it  is  not  until  some  hours 
after  the  gutta-percha  has  taken  its  temperature  that  the  resistance 
reaches  its  corresponding  value. 
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CHAPTER  XXII. 
LOCALISATION  OF  FAULTS  AT  HIQH  BESISTANCE. 

Faults  in  Cables. 

558.  In  all  the  tests  for  localising  faults  hitherto  described, 
with  the  exception  of  the  loop  test  (§  310,  page  294),  it  has  been 
assumed  that  the  insulation  resistances  of  the  portions  of  cable  on 
either  side  of  the  fault  are  infinitely  great  compared  with  the 
resistances  of  the  conductor.  Such  an  assumption  practically  holds 
good  in  cases  where  the  cable  under  test  is  short,  and  also  if  the 
resistance  of  the  fault  is  small,  but  when  we  come  to  deal  with 
long  cables  having  faults  of  high  resistance,  the  formulea  we  have 
obtained  are  no  longer  correct.  The  following  investigation*  is 
made  for  the  purpose  of  obtaining  a  test  which  shall  be  correct  for 
cables  of  any  length  and  having  faults  of  any  resistance : — 

Let  A  B  (Fig.  195)  be  a  cable  of  any  length  connected  to  a 


battery  as  shown,  and  having  its  further  end  to  earth  through  a 
resistance  <r.  By  putting  cr  =  0  the  end  of  the  cable  will  be  direct 
to  earth,  and  by  putting  <r  =  oo ,  it  will  be  insulated. 

Let  the  length  A  B  =  n 
„  AF  =  x 
,.       TQ^dx. 

•  See  *  On  the  Leakage  of  Submarine  Cables,*  by  A,  B.  Kempo,  B.A.,  *  Juumal 
of  the  Society  of  Telegraph-Engineers,'  vol.  iv.  page  90. 
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Let  the  potential  at  A  =  Vq 
B  =  V 

Ps=  V 

„       Q  =  V  +  dV. 

Let  the  current  strength  at  A  =  Cq 
»»  »«  »»  B  =  C, 

»»  >f  >»  i:  =:  L/ 

Q  =  C  +  dC. 

Let  the  resistanoe  of  X  A  P  =  B 

XAQ=R+dE 
„  „  „        X  A  B  =  R, 

„  „  „  X  A  =  Bq  =  o". 

Also  let  resistance  of  unit  length  of  conductor  =  r 
And   „  „  n  „  sheathing  :=  •'. 

Calling  E  the  electromotive  force  of  the  battery,  then  since  the 
flow  of  electricity  from  any  point  to  any  other  point  close  to  it 
is  from  the  point  of  higher  to  that  of  lower  potential,  and  is 
equal  to  the  difference  of  potential  divided  by  the  resistance 
separating  the  two  points,  therefore  the  current  along  AB  at  P 

rdx  rdx 

The  resistanoe  of  the  wire  P  Q  is  evidently  r  dx,  because  it  varies 
directly  as  the  length  of  the  wire,  but  the  resistanoe  of  the  insu- 
lating sheath  PQ  is  ^,  because  it  varies  inversely  as  the  length. 

(t  X 

Hence  the  "  leakage  "  or  the  current  from  the  surface  of  the  con- 
ductor between  the  points  P  and  Q  to  the  earth  where  the  potential 
is  zero,  is 

V-  0      \dx 


% 

dx 
Hence 

dC^V. 
dx  ^  I  ' 
but 

C  =  ^, 
rdx 


=  (IC. 
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therefore 

dC       1     <PV. 

dx  ""  r      dxt^ 

therefore 

<PV      rV         ™ 

as'-  i  ="'^' 

where 


r     .  /r 

=  -.,  i.e,    m=  Y/-T' 


The  solution  of  this  differential  equation,  obtained  by  the  well- 
known  method,*  is 

V=A^  +  Be— ,  [1] 

and 

Now  when  a  =  n 

V  =  V  =  E,  and  C  =  C., 

potential 
therefore,  ainoe  resiBtanoe  =  o^ni^nt  Btrength' 


».= 

V. 

E 

and 

similarly 

when 

X  = 

0 

and 

V 

and 

0  = 

V. 

c.. 

Taking,  therefore,  x  =:  n,  we  get 

E  =  V.  »  Ac-  +  Be-"",  by  [1] 


therefore 


C.  =  ^rAe--Be— 1,byC2], 

E        rrAg-  +  B<— -|  .. 


•  See  Boole's  *  Differential  Equations,*  Becond  Edition,  Chapter  IX.,  p.  194. 

/Google 
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Again,  taking  »  s  0,  we  have 


481 


~  Co       m 


A  +  B 


therefore 


A 
B 


-(A-B) 


V=  +  l 


TO 

<r 1 

r 


and 


R.  =  - 

TO 


W 


[6] 


559.  Let  iiB  now  see  how  we  can  apply  thia  investigation  so  as 
to  obtain  a  test  which  shall  be  strictly  accurate  for  a  cable  of  any 
length  and  resistance.  The  following,  which  accomplishes  this,  is 
in  reality  the  fall  of  potentild  test  given  on  page  431,  with  the 
formnla  corrected. 

Let  h  c  (Fig.  196)  be  the  cable  having  a  fault  «  at  c,  a;  and  y 
being  the  lengths  on  either  side  of  the  fault,  and  let  B  be  a 
resistance. 


Earth 


Fig.  196. 


Now  from  equation  [1]  (page  480)  we  have 
v=:  Ac-*  +  Be-~ 
and  at  o,  where  (c  =  0, 

Vi  =  A  +  B ;  therefore,  A  =  Vj  —  B ; 

V  =  Vi e~  -  B e"*  +  Be"^, 


therefore 


[6] 


2  I 
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or 

Now  from  [6] 

V  -  2Be-^  =  Ac-  -  Be--, 
therefore 


CaUing  B.  the  resiBtance  beyond  b,  we  have 


V  E. 

therefore 

BE,  E, 


from  [6]; 


V-v       V       Ae-'  +  Bc"" 

bnt  from  [3]  (page  480) 

rrAe-+  Be— "1 
^•""mLAe--Be-^J' 

therefore 

V  -  V  ""  wLAe-  -  Be— J  ' 

therefore  from  [7J 

E  _     r  r  6-   -    e—  "I  rgn 

V  -  V      «Lv(e-  +  e— )  -  2viJ  "  *"  "* 

Again,  considering  the  portion  of  the  cable  y,  we  have 


and  from  [4] 


v^      Ai  e"»  +  B|  e"*^ 
7,  "        A,  +  Bi       • 


<r-  +  1 

^  =  -^: — , 


in  which,  since  the  end  of  the  cable  is  insulated,  <r  =  oo ; 
therefore 


^-1 
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from  which 

therefore 

Vi  -  Va         -         ; 

inserting  this  value  in  [8],  we  get 

Now  if  /  be  the  length  of  the  cable,  then  ^  =  2  —  x,  therefore 


Multiplying  the  top  and  bottom  of  the  equation  by  e^  we  get 


R- 

r  e^m.  _  1 


V  -  V  ""  V  (e^*-*  +  1)  -  v^  (e"*  +  e""'  e^"^) 
e^*"  ~  1 

therefore 


e*'«  = 


(V-v)  +  (v-v,e-)R^ 
(V-v)-{v-v,e--0R7' 


from  which 

(V-v)  +  (v-v,e-)K^ 

a,  =  J^  log, 1.  [9] 

(V-v)-(v-V3e--')R-- 

In  this  form  the  formula  cannot  .be  practically  used,  as  we 
require  to  know  r  and  m,  that  is  /v/  7,  »•  being  the  resistance  per 

unit  length  of  the  conductor,  and  i  the  resistance  per  unit  length 
of  the  insulating  sheathing.  These  we  cannot  determine  indivi- 
dually, for  the  measurement  made  when  the  end  of  the  cable  is  to 
earth  is  not  that  of  the  conductor  alone  but  that  of  the  conductor 
diminished  by  the  insulation  resistance ;  and  similarly,  when  the 

2  I  2 
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end  ifl  insulated  the  measurement  made  is  not  that  of  the  in- 
sulating sheathing  alone  but  of  the  latter  combined  with  the 
resistance  of  the  conductor.  If,  however,  we  know  what  these 
measured  values  are,  we  can  substitute  them  in  the  formula  in  the 
place  of  m  and  r. 

Let  the  measured  resistance  of  the  cable  whMi  to  earth  at  the 
further  end  be  £«,  and  when  insulated  R<;  then 


This  value  of  B«  we  obtain  from  equation  [5]  (page  481)  by 
putting  <r  =  0,  and  of  R<  by  putting  <r  =  oo . 

By  multiplying  one  equation  by  the  other,  we  get 


Bg  B<  =  — 5 ; 


therefore 

m 


Also,  we  have 


[10] 


therefore 
therefore 

that  is 


««  = 


[11] 

[12] 


vh;  +  vb.' 
1  _        I 

and  also  from  [11]  we  have 

V  VB,  -  vb;  V  vb;  -  vb.  ••  ■■ 

1      m 
We   have   thus   determined    r— ,  -,  «"*,  and  «-^,  and  can 

2m     r 

eonsequently  insert  their  values  in  any  -equations  we  may  requiie. 

560.  Instead  of  employing  the  resistance  B  (Fig.  196,  page  481), 
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we  may  make  the  test  by  conneoting  the  battery  direot  on  to  6 
through  a  galvanometer,  so  that  the  resistance  R,  of  the  cable  can 
be  measured  by  the  ordinary  deflection  method  (§  10,  page  6). 
Then,  since 

V:v::B.+  R.:R., 
therefore 

v-,.,|. 

If  we  substitute  this  value  of  V  —  v  in  equation  [9]  (page  483), 
we  get 

1 ,  g:+(^-^»<^7 

5-(v-v,07 

1  v  +  (y-y,e-')E.^ 

For  example. 

A  cable  1000  knots  (J)  long  had  a  very  small  fault  in  it  which 
was  required  to  be  localised.  When  the  cable  was  good  its  resist- 
ance with  the  further  end  insulated,  after  five  minutes'  electri- 
fication, was  700,000  ohms  (B<),  and  its  resistance  with  the  further 
end  put  to  eardi,  6000  ohms  (R,).  When  the  cable  was  faulty  its 
resistance  with  the  end  insulated,  after  five  minutes'  electrification, 
was  100,000  ohms  (R.).  The  potentials  at  the  ends  of  the  cable, 
after  five  minutes'  electrification,  were  300  (v)  and  292  (v,)  re- 
spectively. What  was  the  distance  (x)  of  the  fault  from  the 
nearer  end  of  the  cable  ? 

m  1  1 


r  "  VSOOO  X  700,000  ""  59,151 
1 1000 

2m  "         VtOO^OOO  -f-  JbOOO      „  ^^^^ 
log    ,       '  ,  X  2-3026 

^  V  700,000  -  V5000 


=  5902-1, 


-V 


V  700,000+  V5()06       ^    -^.. 

V  700,000  -  V5000 


_,       ^    /V 700,000  -  V6000         ^_„ 

e-^  =  \/  -,-  -JL . j=. =.  =  -9188. 

^  V  700,000 -I-  Vsooo 
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Ingerting  these  valaee  in  the  equation,  we  get 

300  +  [300  -  (292  x  1-0884)]  100.000  X  ^r^ 

X  =  5902-1  X  log '  — 

300  -  [300  -  (292  +  -9188)]  100,000  X  ^^j^ 

X  2-3026  =  638  knots. 

561.  Since  in  the  case  of  a  small  fanlt  the  difference  between 
the  potentials  at  the  two  ends  is  comparatively  small  it  is  essential 
that  they  should  be  measured  with  great  accuracy,  otherwise  a 
small  error  made  in  determining  their  value  will  make  a  con- 
siderable error  in  the  value  of  x.  The  readings  on  the  scale  of  the 
galvanometer  or  electrometer  must  therefore  be  made  as  high  as 
possible ;  it  is  even  advisable  to  extend  the  length  of  the  scale  so 
that  this  may  be  done  more  effectually. 

562.  The  relative  values  of  the  potentials  at  the  two  ends  of 
the  cable  must  be  determined  in  the  manner  described  in  Chapter 
XVII.  (S  496,  page  432). 

Localisation  of  Faults  in  Insulated  Wires. 

563.  The  usual  method  of  localising  faults  in  lengths  of  insu- 
lated wire,  or  cable  core  which  has  not  been  covered  with  the  iron 
sheathing  which  forms  the  complete  cable,  is  to  pass  the  wire 
through  water  in  an  insulated  trough,  one  pole  of  a  battery  of 
several  hundred  cells  being  connected  to  the  conductor,  the  other 
pole  to  one  terminal  of  a  galvanometer,  and  the  other  terminal  of 
the  latter  to  the  water  in  the  trough.  With  this  arrangement, 
immediately  the  fault  in  the  wire  passes  into  the  trough  the 
galvanometer  needle  is  deflected.  This  method,  however,  is  not 
adapted  for  detecting  extremely  minute  faults,  such  as  are  of  not 
un frequent  occurrence. 

Warren's  Method.* 

564.  This  method  is  adapted  for  localising  very  minute  faults, 
i.e.  faults  of  high  resistance. 

The  length  of  wire  to  be  operated  on  is  immaterial,  provided 
that  the  whole  or  a  portion  of  it  can  be  coiled  on  an  insulated 
drum,  and  that  between  the  parts  coiled  the  surface  of  the  core  for 
a  length  of  6  or  8  inches  can  be  cleaned  and  dried  so  as  to  prevent 
conduction. 

*  '  Philosophical  Magaziue/  No.  314,  Juue  1879. 
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In  the  first  case  (when  the  whole  oan  be  coiled  on  a  drum), 
one-half  is  ooiled  off  on  a  second  drum,  the  two  drums  being 
carefully  insulated.  The  surface  of  the  core  between  the  drums 
is  well  cleaned  and  dried.  The  conductor  is  attached  to  one  set  of 
quadrants  of  an  electrometer,  the  other  set  being  to  earth,  and  the 
two  drums  are  connected  to  earth  by  an  attendant  at  each  drum ; 
one  pole  of  the  battery  (whose  second  pole  is  to  earth)  is  then 
connected  to  the  conductor,  so  that  the  whole  becomes  charged, 
the  battery  is  then  disconnected  from  the  electrometer,  and  the 
earth-wires  simultaneously  taken  off  the  drums.  It  is  best  to 
leave  the  battery  on  until  the  earth-wires  are  removed  from  the 
drums. 

The  insulation  of  the  drums  and  electrometer  should  be  such 
that  no  loss  can  be  perceived  after  a  few  minutes,  when,  if  the 
earth-wire  be  applied  first  to  one  drum  and  then  to  the  other, 
the  fault  will  be  found  on  that  drum  which  causes  the  greatest 
fall  in  the  electrometer.  The  wire  is  coiled  from  the  faulty  side 
to  the  other,  and  the  test  repeated  as  often  as  is  required.  A  mile 
of  core  with  a  small  fault  in  it  can  by  a  little  practice  be  put  right 
in  an  hour  or  two,  involving  no  more  waste  than  a  portion  of  the 
insulator  which  can  be  held  between  the  fingers,  and  without  even 
cutting  the  conductor.  The  position  of  the  fault,  when  it  is 
obtained  between  the  two  drums,  can  be  found  more  closely  by 
cleaning  and  drying  the  surfaces  on  each  side  of  it,  and  then 
touching  the  place  where  the  fault  appears  to  be,  with  the  earth- 
wire,  and  seeing  whether  there  is  a  fall  in  the  electrometer. 

In  the  second  case,  where  the  bulk  would  prevent  the  whole 
from  being  insulated,  we  should  continue  to  coil  the  core  upon  an 
insulated  drum  until  the  fault  disappeared — that  is,  until  it  was 
coiled  on  the  drum.  This  is  a  useful  method  when  dealing  with 
"  served  core,"  that  is  core  with  its  hemp  covering  only,  at  a  cable 
factory. 

565.  By  the  foregoing  method  a  joint  may  be  tested  with  great 
ease  by  immersing  it  in  an  insulated  trough  of  water,  and  putting 
the  latter  to  earth,  or  even  by  simply  touching  the  moist  joint 
with  the  earth-wire. 

566.  The  tests  can  be  made  with  a  galvanometer  instead  of  an 
electrometer,  although  it  is  not  such  a  sensitive  arrangement.  In 
this  ease  th0  battery  would  be  connected  through  the  galvano- 
meter to  the  conductor,  as  in  an  ordinary  insulation  test,  and  then 
the  drums  be  connected  to  earth  alternately,  when  the  deflection  of 
the  needle  shows  on  which  drum  the  fault  exists;  but  as  the 
lengths  on  each  drum  may  be  very  unequal,  and  consequently  one 
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dnun  may  show  a  greater  deflection  nmply  in  virtue  of  its  having 
a  greater  length  of  core  on  it,  the  rush  of  current  alone  is  not 
sufficient  to  enable  the  drum  on  which  tlie  fault  is,  to  be  found ; 
but  by  carefully  watching  the  electrification,  and  seeing  whether 
the  fftU  is  regular  or  not,  no  difficulty  will  be  found  in  fixing  upon 
the  drum  containing  the  fault  The  battery-power  required  will 
vary  with  the  magnitude  of  the  fault  and  the  sensitiveness  of  the 
instrument,  and  can  only  be  determined  by  experience  and 
experiment. 

Jacob's  Method. 

567.  This  method,  which  is  a  very  satisfactory  one,  consists 
in  winding  the  faulty  core,  no  matter  what  the  resistance  of  the 
fault  happens  to  be,  on  to  a  drum  or  platform  which  requires  to  be 
only  partially  insulated,  so  that  a  wooden  stand  or  even  the  floor 
is  often  quite  sufficient ;  the  battery  with  one  pole  to  earth  is  then 
applied  direct  to  the  conductor  of  the  core  the  other  end  of  which 
is  insulated,  the  galvanometer  is  inserted  between  the  drum  and 
earth ;  thus  so  long  as  the  resistance  between  the  drum  and  earth 
along  the  surface  of  the  core  or  otherwise  is  not  too  small,  so  as  to 
shunt  the  galvanometer  too  much,  the  current  through  the  fault, 
if  it  be  on  the  drum,  will  flow  through  the  galvanometer  to  earth, 
but  if  the  fault  is  not  on  the  drum  the  current  will  pass  direct  to 
earth  since  the  tank  in  which  the  rest  of  the  core  is  ooiled  will  be 
to  earth ;  the  core  will  be  then  wound  off  or  on  accordingly  until 
the  fault  is  found.  Often  this  fault  will  not  be  visible  to  the 
naked  eye  and  the  exact  place  can  be  electrically  determined  by 
passing  the  end  of  the  wire  leading  from  the  galvanometer,  over 
the  surface  of  the  core,  while  the  battery  is  connected  as  above 
described.  If  two  drums  are  used,  the  coi-e  on  one  will  have  its 
surface  connected  to  earth,  and  that  on  the  other  connected  to  the 
galvanometer,  or  vice  oersd,  so  that  it  can  be  seen  that  the  fault 
has  not  disappeared  in  coiling  over.  It  should  be  added  that  in 
this  test  there  is  no  necessity  for  deaniug  the  surface  of  the 
portion  of  core  between  the  two  drums,  and  that  any  description 
of  core  except  that  covered  with  a  metallic  sheathing,*  can  be  so 
tested. 

*  When  a  cable  is  to  be  laid  in  seas  whore  the  teredo  worsa  abonnds,  it  is 
now  ufiual  to  coTer  the  insulated  core  with  a  clofle  fitting  lapping  of  tliin  brasa 
tape. 
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CHAPTER  XXIIL 

LOCALISATION  OF  A  DISCONNECTION  FAULT  LN 
A  CABLE. 

Localisation  of  a  Total  Disconnection. 

568.  The  localisation  of  a  total  disconnection  in  a  cable  is  a 
very  easy  matter.  The  conductor  being  broken  inside  the  insu- 
lating sheathing,  a  battery  connected  to  the  end  of  the  cable  will 
charge  the  latter  iip  as  far  as  the  fault  only,  consequently  if  we 
measure  the  discharge,  and  compare  it  with  the  discharge  frum  a 
condenser  of  a  known  capacity  charged  from  the  same  battery,  we 
shall  obtain  the  capacity  of  the  portion  np  to  the  fault.  Also 
since  the  capacity  per  knot  of  the  cable  is  always  known,  the 
observed  capacity  of  the  length  in  question,  divided  by  the  capacity 
per  knot,  will  give  at  once  the  distance  of  the  fault. 

Localisation  of  a  Partial  Disconnection. 

569.  Partial  disconnection  faults,  although  they  are  seldom 
met  with  in  cables  with  gutta-percha  cores,  frequently  occur  in 
those  whose  insulating  material  is  indiarubber.  This  arises  from 
the  elasticity  of  the  substance ;  for  when  any  undue  strain  is  put 
on  the  core  the  conductor  breaks,  but  the  indiarubber  only 
stretches,  and  an  e^rth  fault  is  not  made.  When  the  strain  is 
taken  off,  the  two  ends  of  the  conductor  come  together  and  make 
contact  more  or  leus  perfectly.  If  the  break  is  noticed  at  the 
moment  the  cable  is  being  laid  from  the  ship,  its  position  is  of 
course  known.  But  in  some  cases  a  fault  of  this  nature  does  not 
develop  itself  until  some  time  after  the  submersion ;  its  locality 
can  then  only  be  found  by  testing. 

Such  faults  are  dif&cult  to  localise,  as  none  of  the  ordinary 
tests  are  applicable  to  them.  The  following  method,  however, 
devised  by  the  author,  is  subceptible  of  con»idoi-ablc  accuracy  if 
carefully  made. 


< 
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In  Fig.  197,  B  E  represents  the  cable  with  its  further  end 
to  earth ;  B  and  r  are  the  resistanoes  of  the  portions  of  the  cable 
on  either  side  of  the  disconnection,  and  y  is  the  resistance  of  the 
latter ;  a,  &,  and  c  are  the  three  sides  of  a  Wheatstone  Bridge,  of 
which  the  cable  forms  the  fourth  side ;  g  and  Qi  are  two  galvano- 
meters, the  former  being  of  the  ordinary  Thomson  form  and  the 
latter  also  a  Thomson,  bat  provided  with  heaTj  needles,  so  that 
its  movements  are  very  sluggish. 


XartJil 


Fio.  197. 


Connected  to  the  battery,  and  also  to  the  galvanometers,  is  a 
key  formed  in  two  parts.  The  ordinary  lever  k  of  the  key  has 
its  back-stop  connected  through  the  galvanometer  g^  to  the  junc- 
tion of  the  resistances  a,  h ;  thus  when  the  key  is  in  its  normal 
position  the  galvanometer  g^  is  connected  to  earth.  The  second 
portion  of  the  key  consists  of  a  lever  {,  to  the  underneath  part  of 
which  is  fixed  the  metal  piece  /|,  which  is  insulated  from  /. 
Normally,  as  shown  in  the  figure,  l^  rests  on  a  stop  connected 
to  one  pole  of  the  battery,  the  other  pole  of  the  latt«r  being 
connected  to  B.  The  point  P  is  connected  permanently  with  Z^ 
whilst  the  lever  I  is  itself  permanently  connected  to  the  galvano- 
meter g. 

Now,  the  result  of  this  arrangement  is,  that  normally  the  battery 
is  connected  between  the  points  B  and  P,  and  the  galvanometer 
gi  is  connected  between  the  junctions  of  a  and  h  and  with  earth, 
that  is  with  the  end  B  of  the  cable ;  the  whole  arrangement,  in 
fact,  forms  an  ordinary  Wheatstone  Bridge. 

Now,  if  a,  by  and  c  are  adjusted  so  that  balance  is  produced, 
then  the  needle  of  the  galvanometer  g^  will  stand  at  zero;  if, 
when  this  is  the  case,  the  key  k  be  depressed,  g^  will  be  discon- 
nected, and  when  the  lever  of  k  touches  the  end  of  L  g  will  be  put 
in  circuit  in  the  place  of  gi ;  but  immediat.e]y  this  takes  place 
Zj  will  bo  lifted  oflF  its  contact,  and  the  battery  will  be  cut  oif ; 
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exactly  at  this  moment  then  the  charges  in  the  cable  will  dis- 
charge and  divide  themselves,  portions  flowing  out  at  the  further 
end  and  the  other  portions  flowing  out  through  g,  a,  and  &,  and 
thence  through  c  to  earth.  A  throw  of  the  needle  of  the  galvano- 
meter will  thus  be  produced. 

Supposing  the  key  A;  to  be  in  its  normal  position,  so  that  the 
battery  causes  a  current  to  flow  through  the  cable,  whilst  the 
resistance  a,  6,  and  c,  are  so  adjusted  that  the  galvanometer  gi  is 
unaffected,  then  let  Y  be  the  potential  at  the  beginning,  and  v  be 
the  potential  at  any  other  point  of  the  portion  B 1). 

If  now  the  key  be  depressed,  the  charges  in  the  cable  repre- 
sented by  the  areas  A  B  C  D  and  E  H  E,  will  flow  out  at  the  two 
ends  of  the  cable  in  proportions  dependent  upon  the  values  of  the 
resistances  B,  y,  and  r,  and  the  combined  resistances  of  a,  6,  g, 
and  c. 

Let  V  dxhe  &  differential  part  of  the  charge  A  B  D  C,  then  this 
portion  will  split,  and  the  portions  flowing  out  at  the  two  ends  of 
the  cable  will  be  inversely  proportional  to  the  resistances  on 
either  side  oi  v  dx;  thus  the  portion  flowing  out  at  B  will  be 

where  B^  is  the  combined  resistance  of  a,  h,  g,  and  c. 
Now 

V:r::B  +  y  +  r:B  +  y  +  r-a?, 
therefore 

B-f-y  +  r-a? 
^=V     B+y+r     ' 
that  is 

and  the  integral  of  this  between  the  limits 

X  =  B,  and  a;  =  0 

will  give  the  quantity  Q'  flowing  out  at  B,  that  is 

•B  (R  +  y  +  r-xy 

^(Ri  +  R  +  y  +  r)(R  +  y  +  r)*** 


(Ri  +  E  +  y  +  r)(E  +  y  +  r)L  3  J 

_  V  (R  +  y  +  r)»-  (y  +_r)=«_ 

-   3  "(Ri  +  R+y  +  rXR  +  y  +  r)' 
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Similarly  we  should  find  that  the  quantity  Q"  flowing  ont  from 
the  portion  r  of  the  cable  would  be 

^'  "  T  '  (R,+R  +  y  +  r)(B  +  y  +  r)* 

and  therefore  the  total  quantity  Q  flowing  through  the  galvano- 
meter will  be 

^  ■*■  ^  -  T  •  (Ki  +  B  +  y  +  r)(K  +  y  +  r)  "  ^'      L^J 

Now  the  total  quantity  Q^  which  the  cable  would  take  if  its 
further  end  were  insulated  and  the  end  B  maintained  at  the 
potential  V,  would  be 

Q,  =  V(R  +  r). 

Again,  if/  be  the  capacity  in  microfarads  of  such  a  length  of 
the  cable  as  would  have  a  conductor  resistance  of  1  ohm,  then 
(B  +  r)  /  will  be  the  actual  total  capacity  of  the  cable,  and  if 
Q3  be  the  charge  held  by  a  condenser  of  F  microfarads  capacity, 
also  charged  to  the  potential  Y,  then 


therefore 


Q,:Q,::(B  +  r)/:F; 


or 


F 

v  =  ¥- 

Substituting  then  this  value  of  V  in  equation  [1]  we  get 

Q^Q,/      (B-f-y-f-r)3-(y  +  r)^  +  r3 
^^  3F  "(fti  +  B  +  y  +  OCR  +  y  +  r)' 
Let 

B  +  y  +  *•  =  Lf     therefore,    y  +  r  =  L  —  B ; 
B  +  r  =  Lj,     therefore,    r  =  L^  —  B. 

Substituting  these  values  in  the  last  equation  we  get 

^""  3F  '  (Bi  +  l;l 

_  Q2/    L3~L3-3LB^  +  3L»R  +  R^  -f-  L^^  +  3 Lj  R^ - 3 L^' R - R^ 
"■  "3F  '  (Ri+L)L 

""  3f  '  (r;+l)l' 
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therefore 
3QF(Rt  +  L)L  __  j^^3  ^  3  j5(L  +  LO(L  -  LO  -  3R«(L  -  L^); 

therefore 

R  -  R(L  +  LO .g_^^-^j^_j_^ . 

therefore 

B..„(i+L.,+(t±i)*.(!i±i-.y- 

3QF(R^  +  L)L-Q,/V 
3Q,/(L-L0  • 

that  is 


p      I^  +  I'i        /(L  +  L.)'      3QF(R,  +  L)L-Q./V      r2T 
'®  =  ^ V 4 3Q./(L-L,) ^^J 

Now  the  quantity  Q  discharged  at  B  will  split  between  the 
resistances  g^  and  a  +  6,  the  quantity  Q3  passing  through  the  gal- 
yanometer  being 

o  +  c+g 
from  which 

The  value  of  Ei,  the  combined  resistance  of  a,  5,  ^,  and  e,  will 
be 

rti  =  O  +  5— ; > 

and  since  balance  is  produced  in  the  bridge 


therefore 


T  _*•*' 


B.  +  L  =  a  +  |^^  +  V^ 


=  (^  +  ^)FTV.  +  (^  +  ^^?  =  d^f^^^ 


6  +  c 


a(6  +  c  +  g)]  =  ^^^;;^^^Jg(a  +  t)  +  a(6  +  c)]; 
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and  therefore 

Q(Bi  +  L)  =  ^[i7(a  +  6)  +  a(6  +  c)]. 

Substituting  this  value  in  equation  [2]  we  get 


jj      I^J-J^  / b ^ 

2  V  4  ;iQ./(L-L,) 

in  which,  as  we  have  before  stated, 

Should  it  be  necessary  to  employ  a  shunt  for  the  galvanometer 
g,  of  the  ;th  value  say,  then  the  observed  deflection  will  have  to  be 
multiplied  by  n  in  order  to  give  the  value  of  Q3,  and  also  the 
value  of  g  in  the  formula  will  be  ;th  of  the  actual  resistance  of  the 
galvanometer. 

For  example. 

In  localising  a  partial  disconnection  in  a  cable  by  the  foregoing 
test,  the  branches  a  and  h  of  the  bridge  were  made  100  ohms  each, 
and  balance  was  obtained  on  g  when  c  was  adjusted  to  5000  ohms ; 
consequently  since  a  and  b  are  equal 

L  =  O  =  6000. 

The  conductor  resistance  Lj  when  the  cable  was  perfect  was 
2000  ohms. 

The  resistance  of  the  galvanometer  was  5000  ohms,  but  when 
the  discharge  was  noted  it  was  necessary  to  employ  the  ^\^th  shunt, 
80  that  in  the  formula  we  must  put 

^  =  -^  =  500. 

The  discharge  deflection  observed  on  depressing  the  key  was 
248  divisions,  therefore 

Q3  =  248  X  10  =  2480. 

The  discharge  deflection  Qg  observed  from  a  condenser  of 
1  microfarad  capacity  (F)  when  charged  to  the  potential  V  was 
202  divisions  with  no  shunt,  therefore 

Q«  =  202. 
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The  cable  having  a  conductor  resistance  of  10  ohms  per  mile, 

and  an  inductive  capacity  of  *  3  microfarad  per  knot,  the  capacity 

in  microfarads  of  such  a  length  of  the  cable  as  would  have  a 

•3 
conductor  resistance  of  1  ohm,  would  be  -—  =  "03  microfarad,  that 

is 

/=-03; 
then 


R  = 


-v 


/  3  X  2480  X  1 


5000  +  2000  /  (5000  +  2000)^  100 


[ 


[500  (100  +  100)  +  100  (100  +  5000)]  5000  -  202  x  "03  X  2000* 

3  X  202  X  -03(5000-  2000) 

a  3500  -  2996  =  504  ohms. 

570.  In  making  this  test  practically,  after  c  and  Q3  have  been 
obtained,  the  cable  must  be  disconnected  from  the  bridge,  and  a 
resistance  equal  to  L  be  connected  between  B  and  F,  the  potential 
at  the  point  B  will  then  still  be  Y,  and  further  the  galvanometer 
can  be  removed  without  altering  this  potential;  the  condenser 
and  galvanometer  must  then  be  joined  up  in  the  manner  shown 
by  Fig.  142,  page  313,  the  wires,  however,  which  in  that  figure 
are  shown  as  connected  to  the  battery,  being  connected  in  the 
present  case  to  the  points  B  and  F,  Fig.  197  (page  490) ;  then  the 
discharge  obtained,  multiplied  by  the  shunt  (if  one  is  employed), 
gives  Qa. 

571.  It  will  sometimes  be  found  that  the  cable  is  traversed  by 
an  earth  current.  The  effects  of  this  may  best  be  neutralised  in 
the  manner  indicated  on  page  293,  §  309,  Chapter  IX.,  the  com- 
pensating battery  being  connected  between  the  cable  and  the 
point  B,  and  adjustment  effected  with  the  lever  lli,  raised  so  as  to 
cut  the  testing  battery  off;  when  the  galvanometer  gi  is  unaffected 
the  adjustment  is  correct,  the  lever  Z  Z|  is  then  let  down,  and  the 
test  made  as  if  no  earth  current  existed. 

572.  As  it  would  be  a  matter  of  considerable  difficulty,  if  not 
of  impossibility,  to  adjust  the  bridge  balance  with  an  ordinary 
Thomson  galvanometer  (gi)  in  consequence  of  the  latter  being 
greatly  affected  by  slight  changes  in  the  earth  current,  a  galvano- 
meter with  a  heavy  needle  whose  movements  are  very  sluggish. 
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and  which  is  consequently  unaffected  by  slight  and  sudden 
changes  of  current,  is  necessary  for  the  purpose.  For  measuring 
the  discharge,  however,  a  more  sensitive  instrument  (^)  is  neces- 
sary, which  must  be  brought  into  use  only  at  the  exact  moment 
rec^iiired,  since  it  is  necessary  that  its  needle  be  steady  at  zero 
at  that  time.  By  the  arrangement  of  key  shown  in  Fig.  197 
(page  490),  this  object  is  completely  effected,  as  the  galvano- 
meter g  is  only  brought  into  use  at  the  moment  when  the  battery 
is  cut  off,  and  the  cable  discharged. 
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CHAPTER  XXIV. 

A  METHOD  OF  LOCALISING  EARTH  FAULTS  IN 
CABLES. 


Localisation  of  Fault  when  Cable  is  not  broken. 

673.  This  test  is  of  the  same  nature  as  the  foregoing,  and 
possesses  the  advantage  of  having  all  the  necessary  observations 
taken  simultaneously,  and  from  one  end  of  the  cable  only. 

In  Fig.  198,  R  andp  represent  the  resistances  of  the  portions 
of  the  conductor  of  the  cable  on  either  side  of  the  fault,  and  r 
represents  the  resistance  of  the  fault  itself.     As  in  the  previous 


SQSorth 
Fio.  198. 


EavbTi, 


test,  ff,  hy  and  c  are  the  three  sides  of  a  Wheatstone  bridge,  of 
which  the  cable  forms  the  fourth  side,  and  g  and  gi  are  two  gal- 
vanometers, h  11^  IB  A  key,  the  construction  and  working  of  which 
were  fully  described  in  the  previous  test  (page  490). 

Supposing  the  key  to  be  in  its  normal  position,  then  let  Y 
represent  the  potential  at  the  beginning  of  the  cable,  v  the 
potential  at  the  fault  and  also  at  the  further  end  H,  and  v  the 
potential  at  any  point  between  B  and  D. 

If  now  the  key  k  is  depressed,  the  charge  in  the  cable,  which 

2   K 
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is  represented  by  the  area  AB  C D,  will  flow  out  at  B  and  at  D  in 
proportions  dependent  upon  the  values  of  the  resistances  r,  B,  and 
the  combined  resistances  a,  h,  g,  and  c 

Let  V  dxheek  differential  part  of  the  charge.    Then  the  portion 
of  this  which  will  flow  out  at  B  will  be 

where  R^  is  the  combined  resistance  of  a,  6,  g^  and  e. 
Now 

V:»::B  +  r:B  +  r- «; 
therefore 

therefore 


.  =  v«  +  ''- 


B  +  r 


and  the  integral  of  this  between  the  limits  z  =  B,  and  0  =  0  will 
give  the  total  quantity  q^^  due  to  the  charge  A  B  D  C,  flowing  out 
at  B,  that  is 

^^=Jo   ^(R,  +  B  +  r)(R  +  r)^ 

V r(R  +  ry  -  HH 

-(R,  +  K  +  r)(tt  +  r)L  3  J 

"  3  •(R,  +  R  +  r)(R  +  r)-  l^J 

Now  besides  the  quantity  q^  there  will  be  a  quantity  q^  flowing 
out  at  B,  due  to  the  charge  represented  by  the  area  C  D  H  L  Let 
this  charge  be  q\  then 

but 

V  :  V  : :  R  +  r  :  r, 
therefore 

r 


R  +  r 

therefore 

R  +  r' 


v  =  V 

g'  =  V 


Digitized  by  VjOOQ  IC 


A  METHOD   OF   LOCALISING  EARTH   FAULTS   IN   CABLES.         499 

This  quantity  <(  in  flowing  out  at  D  will  diTide/the  portion 
7ji  flowing  along  B  and  out  at  B,  being 

„    .^r r TT  ^'P 

«»-«  Bi  +  B  +  r-  ^(B,  +  ii  +  r)(B  +  r)* 
consequently  the  ioiaX  quantity  flowing  out  at  B  will  be 

«i  +  52  -  3  •  (R^  +  R  +  r)(R  +  r)  +  ^  (R,  +  R  +  r) (B  +  r) 

-3     (Ri  +  R  +  r)(R  +  r)-^-  LJ 

Now,  if  the  cable  had  no  fault  in  it,  and  its  further  end  were 
insulated,  and  if  it  had  been  charged  to  the  potential  Y,  then  the 
quantity  Q^,  which  the  length  B  D  would  contain,  would  be  repre- 
sented by  the  equation 

Qi  =  VR. 

Again,  if/ be  the  capacity  in  microfarads  of  such  a  length  of 
the  cable  as  would  have  a  conductor  resistance  of  1  unit,  then 
B/  will  be  the  actual  total  capacity  of  the  length  B  D ;  and  if 
Qa  be  the  charge  held  by  a  condenser  of  F  microfarads  capacity 
also  charged  to  the  potential  Y,  then 

Qi:Q,::B/:F; 

therefore 

or 

Substituting  this  value  of  V  in  equation  [1]  we  get 

Q,/    (B  +  r)3-r3  +  3H|, 
.^"  3F  '(Bi  +  R  +  r)(R  +  r)*  ^^J 


or 


(B  +  0^  -  ^  +  3rV  =  3QIWhR +J:)(B  4- 0. 


Let 

and 


E  +  r  =  L 

R+J»  =  Li; 

2   K 
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therefore 

r  =  L-R 
and 

p  —  r  =  Li  —  L,     or,    p  =  Li  —  L  +  r  ; 
therefore 

(R  +  r)^  -  r3  +  3r^p  =  L^  -  r^  +  3r^(L,  -  L)  +  3r' 

=  L3  +  3(L  -  E)»{Li  -  L)  +  2(L  -  R)S 
therefore 

(L  -  By  +  5i!^  (L  -  K).  = '-«Ii|-tMI.  -  ¥ 

=  2'  8*y-  t^J 

Also  if  Qg  equals  the  quantity  discharged  through  the  galvano- 
meter, then  by  substituting  this  quantity  and  the  combined  values 
of  a,  6,  c,  and  g,  to  which  Ri  is  equal,  in  the  manner  shown  on 
page  493,  in  the  last  chapter,  we  shall  have 

If  in  making  the  test  it  is  found  necessary  to  employ  a  shunt 
with  the  galvanometer  when  taking  the  discharge,  then  if  the 
value  of  this  shunt  be  ^th,  we  must  multiplj^  the  observed  deflec- 
tion by  n  in  order  to  obtain  Q3;  also  the  value  of  g  in  the 
above  equation  will  be  ^th  of  the  actual  resistance  of  the  galvano- 
meter. 

From  the  cubic  equation  [1]  R  has  now  to  be  determined;  this 
can  be  done  in  the  following  manner : — 

Dividing  each  side  by  (L,  —  L)^,  we  get 

/Lj- R  Y  ,   3  /L-Ry  C 

VLj  -  ii/  "^  2  VLi  -  L  ^       2  (L\  -  L)3  "  " ' 

/L-R       1  Y_  3  /L  -R  \       1 C_ 

VL,  -  L  ■•■  2/       4  Vbi  -  L/       8       2  (L,-  L)^ 


/L-R  ^  ly^  3 /L  -R,l\,l C 

VLi-L       2/       4Vl;-L''"2/"'"4       2(L;-L>~     ' 
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that  is 

Now  tliis  equation  is  of  the  same  form  as  the  identity 

4  008^  a  —  3  coe  a  —  cos  3  a  =  0  ; 
if  then  we  put 


^^,  -  1  =  COB  3  a.  [3] 


we  shall  have 

or 
that  is 


(L.-L> 


+  -  =  COSa, 


Li  -  L  ^  2 
L  -  B  =  (L,  -  L)  (cos  a  -  i); 
R  =  L  -  (Li  -  L)  (cos  a  -  i).  [4] 


2  C 

So  that  having  worked  out  the  numerical  value  of  -= =r^  —  1, 

(L,  -  L)3 

and  ascertained  in  a  table  of  cosines  to  what  angle  this  corre- 
sponds, then  the  cosine  of  Jrd  of  this  angle  gives  cos  a,  which 
value  inserted  in  equation  [4]  enables  the  value  of  R  to  be 
obtained. 


For  example. 

In  localising  a  fault  by  the  foregoing  test,  the  two  arms  a  and 
b  of  the  bridge  were  made  100  ohms  each,  and  balance  was  obtained 
on  g  when  c  was  adjusted  to  700  ohms ;  therefore  L  =  700  ohms. 

The  resistance  of  the  galvanometer  was  5000  ohms,  but  when 

the  discharge  was  noted  on  it  the  ^th  shunt  was  insei*ted,  so 

^,    ^         6000      ^^^    , 
that  g  =  — r-  =  500  ohms. 

The  discharge  deflection  observed  on  depressing  the  key  was 
360  divisions ;  therefore  Q3  =  338  x  10  =  3380.  The  discharge 
deflection  Q,  obtained  from  a  condenser  of  1  microfarad  capa- 
city (F)  charged  to  the  potential  V  was  106  divisions  with  the 
i\th  shunt;  therefore  Qa  =  106  X  10  =  1060.  The  capacity  / 
of  such  a  length  of  the  cable  as  would  have  a  conductor  resist- 
ance of  1  ohm  was  *03  microfarad;  lastly,  the  total  ccmductor 
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resistance  Li  of  the  cable  when  sound  was  1100  ohms.    Thus  we 
have 

a    =    100 

t     =     100 

</     =    500 

e     =     700 

L    =    700 

L,  =  1100 

Qa  =  1060 

4  =  3380 

F    =  1 

/     =  -03 
we  then  g^t 

3  X  3380  X  1  [500  (100  +  100)  +  100  (100  +  700)]  700 

100  X  1060  X  '03 
-  700»  =  401,770,000  -  343,000,000  =  58,770,000; 
therefore 

2  0  ,       2x58,770,000       ,         ^„,, 

(Lr^)3  -  '  =  (1100—7007  -  '  =  '^^''  =  ««  ^  * 

=  cos  of  33°  13' 
therefore 

o 
the  cosine  of  which  is  -9814 ;  therefore 

B  =  700  -  (1100  -  700)  (-9814  -  i)  =  507  ohms, 

which  gives  the  distance  of  the  fault. 

574.  It  may  be  remarked  that  the  foregoing  test  is  an  excellent 
example  of  one  of  those  rare  cases  in  which  the  solution  of  an 
equation  of  the  third  degree  is  practically  required,  and  in 
which  the  application  of  trigonometrical  formulsd  for  the  purpose 
is  useful.* 

575.  Now  the  cosine  of  an  angle  can  never  exceed  1,  and  it  will 

2C 

sometimes  be  found,  on  worldne  out  the  value  of  7^ =r^  —  1, 

(Li-L)3 

that  its  value  will  exceed  unity;  consequently  in  such  a  case  B 

cannot  be  determined  by  the  help  of  a  cosine  table,  but  some  other 

method  must  be  adopted.     Let  us  determine  this  method. 

*  See  Todbunter'fl  Trigonometry,  Third  Edition,  Chapter  XVII.  page  202. 
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In  equation  [2]  (page  501)  let 

L-R ^1         ^ 1 . 

we  then  have 

4y3  +  3y  +  A  +  J__3y-^^  +  l-^j-i^  =  0. 
or 

Let 

therefore 

XT  1 

^         4^   ^  64         ' 

a  quadratic  equation,  from  which  y^  oan  be  determined  in  the  ordi- 
nary manner.     Thns 

*        4*   ^\8/       64       64 
theiefore 

E 


or  

y  =  i[K±  VK^^n?. 
and 

y  +  i.  =  i  {[K  +  ^eTHJ  +  [K  +  Vk^^^^]-»} 
4y  

=  i  {[K  +  VK^^n?  +  [K  -  VK^^n?} ; 
BO  that  we  get 
B  =  L(Li  -  L)i  {[K  +  VETny  +  [K  -  VK^^H?  -  1}. 

in  which 

^-(L,-L)»      '' 
and 

C=  ^^-^^  L. 
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For  example. 

In  making  the  test,  suppose  the  following  to  have  been  the 
numerical  values  of  the  different  quantities : — 

a  =     100 

b  =     100 

g  =     600 

c  =     900 

L  =     900 

L,  =  1100 

Qa  =     300 

Q3  =  1230 

F  =  1 

/  =  -03 
therefore 

_  3  X  1230  X  1  [500(100  +  100)  +  100(100  +  900)]  900 
100  X  300  X  -03 
-  900»  =  638,000,000  -  729,000,000  =  9,000,000; 

therefore 

^      2  X  9,000,000 

therefore 

VK2  -  1  s=  Vr-26~^*^^1  =  -76; 

for  this  we  get 

R  =  900  -  (1100  -  900)  i  {2*  +  -6*  -  1} 
=  900  -  -r-  {1-2699  +  -7937  -  1}  =  796  ohms. 


Localisation  of  Fault  when  Gable  is  broken. 

676.  In  this  case,  referring  to  page  499,  the  quantity  dis- 
charged at  B  when  the  key  is  depressed  will  be  only  q^  instead 
of  <?i  +  <?a ;  consequently  equation  [A],  on  the  same  page,  will 
become 

Q^Qa/      R^  +  3R^r  +  3Br' 
3F  '(Ri  +  K  +  r)(R  +  r)' 
or 

(B  +  rf  -  r3  =  :?M(li_+  R  +  r)(R+r). 

Q2/ 
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and  putting 


we  get 
therefore 
therefore 
or 


K  +  r  =  L,  and  r  =  L  —  R, 
L3-(L-B)3  =  ^Q^(g'  +  ^)^ 


L-B  =  ^L3-«-M(|^. 


B  =  L-^L3-iM(|JllOif; 


and  by  subfitituting  a,  b,  e,  g,  and  Q3,  in  the  manner  shown  on 
page  493,  we  get 


7  8Q3F[g(a  +  l>)  +  a(b  +  c)]L 


jPor  example. 


lu  localising  a  fracture  in  a  submarine  cable  by  the  foregoing 
test,  a  and  h  were  made  100  ohms  each,  and  balance  was  obtained 
on  g  when  e  was  adjusted  to  700  ohms. 

The  resistance  of  the  galvanometer  was  6000  ohms,  but  when 

the  discharge  was  noted,  the  ^th  shunt  was  inserted,  therefore 

5000       ^^^    , 
g  =  --r--  =  500  ohms. 
•'         10 

The  discharge  deflection  observed  on  depressing  the  key  was 

186  divisions,  therefore  Qg  =  116  x  10  =  1860.     The  discharge 

deflection  Q,  obtained  from  a  condenser  of  1  microfarad  capacity 

(F)  charged  to  the  potential  V  was  120  divisions  with  the  -jJ^th 

shunt,  therefore  Qa  =  120  x  10  =  1200.     The  capacity  /  of  such 

a  length  of  the  cable  as  would  have  a  conductor  resistance  of 

1  ohm  was  '03  microfarad,  then 

K  =  700  -  y/700^- j5^^^^5^^^ 
=  700  -  629  =  171  ohms. 
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577.  A  great  merit  in  the  foregoing  methods  of  testing  for 
faults  lies  in  the  fact  that  the  two  cable  measurements  can  be 
made  almost  simultaneously ;  thus  the  moment  balance  is  obtained 
on  g^  by  adjusting  c,  at  that  moment  the  key  is  depressed,  and 
the  discharge  deflection  Q3  noted  on  the  galvanometer  g.  The 
other  measurement,  viz.  that  from  the  condenser,  can  be  made 
at  leisure.  Thus  after  e  and  Q3  are  obtained,  the  cable  must  be 
disconnected  from  the  bridge,  and  a  resistance  equal  to  c  be 
connected  between  B  and  F,  the  potential  at  the  point  B  will 
then  still  be  Y,  and  further,  the  galvanometer  g  can  be  removed 
without  altering  this  potential;  the  condenser  and  galvanometer 
must  then  be  joined  up  in  the  manner  shown  by  1*  ig.  142,  page 
313.  The  wires,  however,  which  in  the  latter  figure  are  shown  as 
connected  to  the  battery,  must  in  the  present  case  be  connected 
to  the  points  B  and  F,  Fig.  198  (page  468) ;  then  the  discharge 
obtained,  multiplied  by  the  shunt  (if  one  is  employed),  gives  Q,. 

578.  Should  earth  currents  be  present  when  the  test  is  about 
to  be  made,  they  may  be  neutralised  in  the  manner  explained  on 
page  293,  §  309,  in  Chapter  IX.,  and  also  at  the  end  of  the  last 
chapter  (§671,  page  495). 

579.  With  reference  to  the  foregoing  test  it  should  be  men- 
tioned that  Mr.  J.  Gott  states  that  it  is  often  possible  to  increase 
the  resistance  of  the  fault  at  the  end  of  a  broken  cable  to  such  an 
extent  that  practically  the  whole  of  the  discharge  may  be  obtained 
at  the  nearer  end.  For  this  purpose  the  charging  battery  should 
be  of  from  7  to  10  volts  electromotive  force,  the  ziuc  pole  being 
connected  to  earth ;  the  battery  should  be  applied  to  the  cable  for 
some  time  before  taking  the  discharge.  The  lower  the  resistance 
of  the  galvanometer  consistent  with  a  sufficiently  high  figure  of 
merit  (page  85),  the  better,  as  must  be  obvious. 
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CHAPTER  XXV. 
GALVANOMETER  RESISTANCE. 


580.  The  question  of  what  resistance  a  galvanometer  should 
have  in  order  that  its  figure  of  merit  (page  85)  may  be  high, 
involves  several  points,  such  as  the  "shape  of  the  coil,"  "the 
diameter  of  the  wire,"  &o.  The  determination  of  all  these  points, 
however,  would  be  more  useful  for  the  purpose  of  finding  what  are 
the  most  economical  conditions  under  which  a  galvanometer  can  be 
made,  than  (what  is  more  to  the  purpose  of  the  practical  electrician) 
for  showing  how  any  particular  galvanometer  can  be  arranged  so 
as  to  enable  any  particular  test  to  be  made  with  accuracy. 

The  problem  we  have  to  solve  in  the 
latter  case  is  as  follows : — Having  given  a 
galvanometer  with  a  coil  of  a  certain  size, 
should  thin  or  thick  wire  be  on  it  in  order 
that  any  particular  test  may  be  made 
under  the  most  favourable  conditions  ?  Or 
supposing  the  coil  to  be  divided  into 
several  sections,  how  should  the  latter  be 
coupled  up  ? 

Eeferring  to  Fig.  199,  which  represents 
a  section  of  a  galvanometer  coil,  let  us 
direct  our  attention  to  the  4  turns  of  wire 
at  A.  If  these  4  turns  be  joined  up  in  one 
continuous  length,  then  calling  the  resist- 
ance of  each  turn  4,  their  total  resistance 
will  be  4  X  4,  or  4^  If,  however,  the  4 
turns  be  coupled  up  for  "  quantity,"  then 
their  joint  resistance  will  be  I. 

If  we  suppose  the  total  current  flowing  to  be  constant,  then  in 
the  case  where  the  4  wires  are  joined  up  in  one  continuous  length, 
the  current  makes  4  turns  round  the  needle  of  the  galvanometer, 
its  effect  will  therefore  be  equal  to  4 ;  but  in  the  second  case,  where 
the  turns  of  wire  are   coupled   up   for   "quantity,"    the 


199. 


same 
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current  only  makes  1  turn  round  the  needle,  henoe  its  effect  can 
only  be  equal  to  1. 

If  instead  of  4  turns  we  have  9  turns,  then  the  relative  values 
of  the  resistances  when  joined  up  in  one  continuous  length,  and 
when  joined  up  for  *•  quantity,"  will  be  as  1  to  9  X  9,  or  9^  whilst 
the  relative  effect  of  the  current  on  the  galvanometer  needle  will 
be  as  1  to  9. 

In  the  first  case  then,  where  the  resistance  was  reduced  4^ 
times,  the  effect  on  the  needle  was  only  reduced  4  times ;  and  in 
the  second  case,  where  the  resistance  was  reduced  9^  times,  the 
effect  was  ouly  reduced  9  times;  or,  in  other  words,  the  effect 
varied  directly  as  the  tquare  root  of  the  resistance,  consequently 
for  the  whole  of  the  galvanometer  the  effect  varies  directly  as  the 
square  root  of  its  resistance. 

If  we  replace  the  4  vnres  at  A  by  a  solid  wire  of  twice  their 
diameter,  then  this  vnre  (shown  by  the  dotted  lines)  will  have  the 
same  resistance  as  these  4  wires  coupled  up  for  '^  quantity,^  and 
its  influence  on  the  magnetic  needle  will  be  very  nearly  the  same. 
As  a  matter  of  fact,  the  effect  will  be  rather  less,  in  consequence 
of  the  metal  being  differently  distributed  over  the  area  which  the 
4  wires  occupy.  But  inasmuch  as  the  silk  covering  with  which 
the  wires  are  insulated  is  practically  of  the  same  thickness  for 
large  as  for  small  wires,  therefore  if  the  thick  wire  were  wound  on 
the  coil,  the  sectional  area  of  that  wire  would  actually  be  rather 
larger  than  the  area  of  the  small  wires  which  it  takes  the  place  of, 
consequently  we  may  without  any  considerable  error  say  that  the 
effect  varies  directly  as  V  ^. 

581.  This  fact  enables  us  to  determine  what  should  be  the 
resistance  of  the  galvanometer  in  order  that  any  particular  test 
may  be  made  under  the  best  possible  conditions.  Let  us  take  the 
case  of  the  Wheatstone  Bridge. 

On  page  216  we  obtained  an  equation  which  gave  the  strength 
of  the  current  flowing  through  the  galvanometer  when  equilibrium 
was  very  nearly  produced,  viz. : 

Eaj(arfi  —  hx) 

""^  "  {^~(«  +  «)  +  «(^+^^)r  {»•  '(d+^+d{a  +  x)y 

This  equation  may  be  written 

1  E a; (o^i  -  6a;) 


J      ,   a(<^  +  ^)l       («  +  a?)  {r{d  +  x)  +  d(a  +  x)] 
r**"     a  +  x    i 


'       XK. 


(?  +  *) 
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We  have  shown  that  the  effect  of  the  galvanometer  coil  on 
the  needle  varies  directly  as  the  square  root  of  the  resistance  of 
the  former.  Its  effect  must  also  vary  directly  as  the  current 
passing  through  the  coils,  consequently  the  total  effect  M  will  be 

where  k  is  a  constant  dependent  upon  the  shape  of  the  coil,  the 
magnetic  strength  of  the  needle,  &c. 

We  have  to  find  what  value  of  ^  will  make  M  as  large  as  possible, 
and  this  we  shall  do,  since  K  k  is  constant,  by  finding  what  value 

__        jk 
of  ^  will  make  tj  g  '\ — 7=  as  vmaU  as  possible. 
'J9 
Now 


'Jg     \  ^^Ig^ 

e  a 
mum,  that  is,  by  making 


and  this  will  be  made  a  minimum  by  making  ^ g  — ^-^  a  mini- 

^9 


therefore 
but 


'Jg 


<Jg  =  v'*.    or,     ^  =  ft; 


a  -\'  X 


and  — ^^ is  the  same  as  ^^ — .   ,  '^.    .,  . — -.  when  hx  -  ad.  and 

a  •\'X  a  -^-h  '\'  a'\'  X 

this  expression  is  the  joint  resistance  of  the  resistances  on 
either  side  of  the  galvanometer ;  theoretically  therefore  we  should 
make  g  equal  to  this  quantity  if  we  wish  M  to  be  as  large  as 
possible. 

This  rule,  however,  although  it  shows  what  value  g  should 
have  in  order  to  make  M  an  absolute  maximum,  is  one  which  can- 
not well  be  strictly  followed  out.  We  should  rather  seek  to  deter- 
mine to  what  extent  the  exact  rule  may  be  departed  from  without 
seriously  diminishing  M. 
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Let  us  suppose  <?  to  be  n  times  fc,  then  we  have 

for  an  absolute  maximum  n  =:  1,  that  is 

„      1      Kk 

Suppose,  now,  we  make  g  nine  times  as  large  as  h,  that  is, 
make  n  =  9,  then  we  have 

^^    V"9        K^_J_      Kk 

In  other  words,  although  g  is  mne  times  as  great  as  it  should  be 
for  making  M  a  maximum,  yet  M  has  only  been  reduced  from  - 

down  to  .-— .     Or,  to  put  it  in  another  way:  supposing  we  were 

making  a  bridge  test,  employing  a  galvanometer  of  the  exact 
theoretical  value  for  obtaining  a  maximum  deflection,  and  sup- 
posing that  having  nearly  obtained  equilibrium,  the  deflection  of 
the  galvanometer  needle  was  3  *  3  divisions,  then,  if  the  resistance 
of  the  galvanometer  had  been  9  times  the  theoretical  value,  the 
deflection  would  only  have  been  reduced  down  to  2  divisions. 

It  must  therefore  be  evident  that,  unless  we  employ  a  galvano* 
meter  whose  resistance  very  much  exceeds  the  theoretical  value, 
this  resistance  will  practically  be  the  one  required.  If  it  is  neces- 
sary to  draw  a  limit,  we  may  say — avoid  making  the  resistance 
more  than  10  times  as  great  (or  as  small,  as  can  also  be  shown)  as 
the  theoretical  value. 

582.  It  will  be  found  that  in  all  tests  in  which  g  has  a  parti- 
cular best  value,  an  equation  of  the  form 

g  +  ^ 

can  be  obtained,  h  in  fact  is  in  reality  the  resistance  external  to 
the  galvanometer,  so  that  we  have  simply  to  find  what  this 
resistance  is,  and  then  make  g  as  nearly  as  possible  equal  to  it. 
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CHAPTER  XXVL 

SPECIFICATION  FOB  MANUFACTURE  OF  CABLE^ 
SYSTEM  OF  TESTING  CABLE  DUBING  MANUFACTUBE. 

583.  As  soon  as  the  laying  of  a  new  cable  has  been  decided 
upon,  and  the  ronte  which  it  is  to  take  has  been  selected,  &c.y  the 
manufacture  bas  to  be  commenced.  The  choice  of  the  types  of 
cable  to  be  adopted,  the  lengths  of  the  "shore  ends,"  ** inter- 
mediate," and  "deep  sea"  sections  are  purely  matters  of  expe- 
rience and  discretion  with  the  engineers  in  charge  of  the  work, 
and  no  satisfactory  rules  for  general  guidance  can  be  laid  down. 

When  the  description  of  cable  has  been  settled  upon,  a  speci- 
fication has  to  be  drawn  up,  of  which  the  following  is  a  general 
specimen. 

684.  Thb Tklkgeaph  Company  and 

Telegraph  Works. 

CoNTRAcrr  Specification  for  the  manufacture  of  the  Submarine 

Telegraph  Cable  of  the Telegraph 

Company,  to  be  laid  between  the  coast  of ^_,  near 

,  and  the  Island  of . 

The  following  lengths  of  cable  will  be  required : — 
Actual  distance,  480  knots  (each  being  2029   yards),  or,  in- 
cluding 10  per  cent,  slack,*  628  knots. 

A.  Main  cable 500  knots 

B.  Intermediate  cable       11      „ 

C.  Shore-end  cable     ..      * 17      „ 

Core. 

The  core  of  the  entire  length  of  cable  to  be  as  follows : — 
Conductor, — The  conductor  of  each  coil  to  be  formed  of  a  strand 
of  seven  copper  wires  all  of  equal  diameter  and  of  a  total  weight 

*  The  amount  of  slack  required  will  vary  with  the  length  of  the  cable  and 
with  the  depth  of  water  iu  which  it  is  laid. 
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of  107  Ib6.  por  nautical  mile,  and  shall  at  a  temperature  of  75^  F. 
have  a  resistance  not  higher  than  11-145  standard  ohms  per 
nautical  mile ;  and  the  weight  per  knot  multiplied  hy  the  resiH- 
tance  per  knot  at  76°  F.  shall  not  exceed  1192-6.* 

Insulator  or  JHelectrxc, — The  conductor  of  each  coil  shall  be  in- 
sulated by  being  covered  with  three  alternate  layers  of  Chatterton's 
compound  and  gutta-percha,  beginning  with  a  layer  of  the  said 
compound,  and  no  more  compound  shall  be  used  than  may  be 
necessary  to  secure  adhesion  between  the  conductor  and  the  layers 
of  gutta-percha.  The  dielectric  on  the  conductor  of  each  coil  shall 
weigh  150  lbs.  per  nautical  mile,  making  the  total  weight  of  the 
conductor  of  each  coil,  when  covered  with  the  dielectric,  257  lbs. 
per  nautical  mile. 

Inductive  Capacity. — The  inductive  capacity  of  each  coil  of 
such  insulated  conductor  shall  not  exceed  -3333  microfarad  per 
nautical  mile,  and  this  shall  equally  apply  to  the  completed  cable. 

Labelling, — Yj&ch.  coil  of  core  before  being  placed  in  the  tem- 
perature-tank for  testing  shall  be  carefully  labelled  with  the  exact 
length  of  conductor  and  the  exact  weight  of  copper  and  dielectric 
respectively  which  it  contains. 

lusulation  Besistance, — The  insulation  resistance  of  each  coil 
of  core,  after  such  coil  shall  have  been  kept  in  water  maintained 
at  a  temperature  of  75°  F.  for  not  less  than  24  conRecutive  hours 
immediately  preceding  the  test,  shall  be  not  less  than  500 
megohms  per  nautical  mile,  when  tested  at  that  actual  temperature 
and  after  electrification  during  one  minute.  The  electrification  to 
be  perfectly  steady. 

Preservation. — ^The  core  during  manufacture  to  be  carefully 
protected  from  sun  and  heat,  and  kept  under  water. 

Joints. — Every  joint  to  be  tested  by  accumulation,  and  the 
leakage  from  any  joint  during  one  minute  not  to  be  more  than 
double  that  from  an  equal  length  of  the  perfect  core.  Notice  to 
be  given  to  the  inspecting  officer  of  the  company  when  a  joint  is 
about  to  be  made,  so  that  he  may  be  able  to  test  it. 

Serving  and  Sheathing. 

Main  Cable  A. 

Serving. — The  insulated  conductor  to  be  served  with  the  best 

wet-tanned  Bussian  hemp  to  receive  the  sheathing  as  specified, 

and  to  be  then  kept  in  tanned  water  and  not  allowed  to  be  out  of 

water  more  than  is  necessary  to  feed  the  closing  machine. 

•  Corresponding  to  00  per  cent,  of  pure  copper ;  see  Table  II. 
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Sheathing, — The  served  core  to  be  sbeathed  with  fifteen  gal- 
vanized iron  wires,  eaoh  -120  of  an  inch  in  diameter. 

The  lay  to  be  10  inches,  no  loose  threads  of  hemp  to  be  run 
throngh  the  closing  machine,  and  no  weld  in  any  one  iron  wire  to 
be  within  six  feet  of  a  weld  in  any  other  wire.  The  sheathing 
core  to  be  finally  covered  with  three  coatings  of  an  approved 
bituminous  compound,  a  serving  of  tarred  yam  made  from  the 
best  Bussian  hemp  being  placed  between  each  layer  of  compound, 
each  serving  of  yarn  being  laid  on  in  contrary  directions. 

Intermediate  Cable  B. 

Serving  to  be  similar  in  every  respect  to  that  on  the  Main 
Cable  A. 

Sheathing  to  be  generally  similar  to  that  specified  for  the  Main 
Gable  A,  but  the  iron  covering  to  consist  of  ten  galvanised  iron 
wires,  each  *180  of  an  inch  in  diameter.  The  lay  to  be  10 
inches. 

Shore-end  Cable  G. 

The  shore-end  cable  to  consist  of  Cable  A  complete,  and 
further  well  served  with  the  best  wet-tanned  Bussian  hemp,  and 
then  sheathed  with  twelve  galvanised  iron  wires,  •  300  of  an  inch 
in  diameter. 

The  lay  to  be  17  inches,  no  loose  threads  of  hemp  to  be  run 
through  the  closing  machine,  and  no  weld  in  any  one  iron  wire  to 
be  within  six  feet  of  a  weld  in  any  other  wire.  The  sheathed 
core  to  be  finally  covered  with  three  coatings  of  an  approved  bitu- 
minous compound,  a  serving  of  tarred  yam  made  from  the  best 
Bussian  long  dressed  hemp  being  placed  between  ecwih  layer 
of  compound,  each  serving  of  yam  being  laid  on  in  contrary 
directions. 

The  completed  cable  as  fast  as  it  is  made,  to  be  passed  into 
a  tank  of  water  and  kept  covered  with  water  until  shipped.  A 
correct  indicator  to  be  attached  to  the  closing  machine,  and  the 
length  of  cable  to  be  marked  as  agreed. 


Quality  op  Materials. 

The  wire  used  in  the  Main  Cable  A  to  be  of  the  best  quality 
of  homogeneous  wire,  well  and  smoothly  galvanised,  and  having  a 
tensile  strength  of  50  tons  per  square  inch  area,  and  850  lbs.  as  a 
minimum  breaking  strain  on  a  length  of  12  inches  between  the 

2  L 
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clamps.  The  wire  mnst  elongate  not  less  than  }  per  cent,  beforo 
breaking.  It  shall  bend  round  itself  and  nnbend  without  break- 
ing. The  joints  in  the  homogeneous  wires  to  be  of  the  form 
decided  upon  by  the  company's  and  contractor's  engineers,  and,,  as 
far  as  practicable,  no  one  joint  to  be  within  six  feet  of  any  other 
joint. 

The  iron  wire  to  be  used  in  Gables  B  and  G  is  to  be  of  the 
quality  known  as  Best  Best,  free  from  inequalities,  well  and 
smoothly  galvanised,  and  annealed,  and  having  a  tensile  strength 
of  25  tons  per  square  inch  of  area.  A  margin  of  5  per  cent,  will 
be  allowed  in  weight,  provided  the  average  weight  is  as  specified 
above.  The  wire  for  Gables  B  and  G  to  be  capable  of  being  bent 
round  a  cylinder  four  times  its  own  diameter  and  unbent  without 
breaking.  No  wire  of  brittle  quality  shall  be  put  into  the  cables, 
and  the  engineers  or  their  assistants  shall  have  power  to  reject 
any  hanks  which  break  frequently  in  the  closing  machine,  or  are 
of  unsatisfactory  quality.  No  weld  shall  be  made  in  the  B  and  C 
cables  within  six  feet  of  any  other  weld. 

The  galvanising  of  the  iron  to  bear  four  dips  of  one  minute 
each  in  a  solution  of  one  part  by  weight  of  sulphate  of  copper  and 
five  parts  of  water. 

Before  being  used  for  the  sheathing  of  the  cable,  the  wire 
shall  be  heated  in  a  kiln  or  oven  just  sufficient  to  drive  off  all 
moisture,  and  whilst  warm  shall  be  dipped  into  pure  hot  gas-tar 
(freed  from  naphtha).  The  wire  so  dipped  shall  not  be  used  for 
sheathing  the  cable  until  the  ooating  of  gas-tar  is  throughly  set. 

Each  intermediate  cable  to  be  finished  off  with  suitable  tapers 
to  be  arranged  to  the  satisfaction  of  the  engineer  of  the  company. 

Testing  Accommodation. 

A  proper  room  and  all  necessary  batteries  and  leading  wires 
to  be  provided  for  testing  the  cable  during  the  whole  manu- 
facture. 

Inspection. 

The  engineer  of  the  company  or  his  agents  to  have  access  to 
the  works  for  inspecting  and  testing  cable  and  all  materials 
employed,  and  may  reject  all  materials  which  are  unsatisfactory. 

Penalty. 

The  whole  of  the  cable  to  be  completed  on  or  before  the  time 
stated  in  the  tender  under  a  penalty  of per  cent. 
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on  the  prioe  for  each  day,  or  fraction  of  a  day,  after  the  said  time 
until  the  day  the  cable  may  be  actually  completed  and  ready  for 
shipment. 

The  manufacture  may  not  be  carried  on  at  night  without  the 
written  consent  of  the  engineer  of  the  company  or  his  agent. 

The  cable  ship  or  ships  are  not  to  leave  the  wharf  with  cable 
on  board  until  the  cable  has  been  thoroughly  tested  in  all  respects, 
by  the  engineers,  or  their  assistants,  from  the  shore,  and  ample 
time  after  the  shipment  of  the  last  mile  to  be  allowed  for  this 
purpose. 


System  of  Testing  Cable  during  Manufacture. 

585.  The  tests  made  by  the  cable  manufacturers,  although 
systematic,  are  not  as  a  rule  quite  so  exact  or  lengthy  as  those 
made  by  the  electrician  representing  the  company  for  whom  the 
cable  is  being  made.  The  cable  once  manufactured,  passes  out 
of  the  hands  of  the  manufacturer,  and  the  latter  has  no  further 
interest  in  the  matter;  whereas  the  company  may  require  at  any 
time  to  localise  a  fault,  and  the  more  precise  the  data  they  possess 
the  more  closely  will  they  be  able  to  determine  the  position  of  the 
defect.  Besides,  when  a  large  number  of  cables  are  being  made  at 
once  at  the  factory  it  would  be  impossible,  without  a  very  large 
staff,  to  make  an  elaborate  series  of  tests  for  each  cable ;  whereas 
these  can  easily  be  made  by  the  electrician  and  his  assistants 
when  there  is  only  one  cable  to  look  after. 

The  methods  of  working  out  the  tests,  and  the  forms  employed 
for  entering  down  the  same,  depend  upon  the  individual  opinion 
of  the  electrician  in  charge  of  the  work,  but  the  following  will 
give  a  general  idea  of  the  course  to  be  pursued : — 


Tests  of  the  Coils. 

586.  The  core  of  the  cable  is  usually  made  in  2-knot  lengths 
approximately,  which  are  coiled  upon  wooden  drums  as  manufac- 
tured, and  then  placed  in  tanks  of  water  heated  to  a  temperature 
of  75°  F.  to  be  tested.* 

After  being  placed  in  the  tank,  the  coils  should  remain  there 

*  At  the  works  of  Messrs.  Siemens  k  Co.,  Oharlton,  the  coils  are  tested  at  two 
different  temperatures,  viz.  at  75°  and  50"^  F. 

2  L  2 
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for  at  least  twenty-four  houre,  so  that  they  may  acquire  throagh- 
ont  their  mass  the  necessary  uniform  temperatore.  At  the  end  of 
this  time  the  tests  may  be  taken. 

Sheets  A,  B,  0,  and  D  are  employed  for  entering  all  the  details 
of  the  tests  as  they  are  made.  The  working  ont  of  the  tests  of  the 
coils  (and  cable)  is  shown  on  corresponding  pages. 

The  figures  given  are  such  as  are  often  obtained  in  actual 
piactice.  The  insulation  resistances  of  the  coils  are  very  often 
considerably  higher  than  those  shown,  but  this  depends  upon  the 
time  which  elapses  after  the  manufacture,  and  also  upon  the 
quality  of  the  gutta^peroha. 
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Galculatioits  fob  Sheet  (A). 
Copper, 


April  3rci. 


Ko.  1  CoO. 

log       213  =      S  8283796 
log  1*9946  =        -2998558 

2-0285288 
=  log  of  106-79 


No.  2  Coil 


log       214=      2-3304138 
log  2-0074=         -3026339 

2-0277799 
=  log  of  106-60 


No,  8  CoO. 

log       215=      2-3324385 
log  2-0069=         -3025257 


2-0299128 
=  logofl0713 


No.^C}oa, 

log       214=       2*3304138 
log  1-9900=         -3008128 

2  0296010 
=  log  of  10705 


No,^CoiL 

log       212  =       2*8263359 
log  1*9990=         -3008128 

2-0255281 
log  of  106*05 


OuUa-peri^, 


No.  1  CoU. 


log       298=      2-4742163 
log  1*0946=         *  2908558 

2-1748605 
=  log  of  149-40 


No,2CoiL 


log       802  = 
log  2*0074  = 


2-4800069 


2  1773730 
=  log  of  150-44 


No,  8  CoQ. 

log       304  =       2*4828736 
log  2- 0069  ss         -3025257 

2-1803479 
=  log  of  151*48 


No,  4  Coa, 

log   299=   2-4756712 
log  1-9990=    -3008128 


2  1748584 
=  log  of  149*57 


No.  5  Coil, 

log        296=       2*4712917 
log  1-9990=         '3008128 

2-0174780 
=  log  of  148-07 
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Calculations  for  Sheet  (B). 

Conductor  Betistance, 

No.  1  CoU. 
log  22- 10  =1-3443923 
log      1-9946=    -2998558 


1-0445365  =  log  of  11-08 
log  106-79      =20285288 

30730603  =  log  of  1183*2 
=  99-8  per  cent  pure  copper  • 

No.  2  Coil. 
log  22  02  =  1-3428173 
log     20074  =    -3026339 

1  0401834  =  log  of  10-97 
log  106-60      =20277799 

30679633  =  log  of  11694 

=  100-9  per  cent  pure  oopper  ♦ 

No.  3  Coil 
log  2205  =  1-3434086 
log      2-0069=    -3025257 


1-0408829  =  log  of  10-99 
log  107 -13      =  2 • 0299128 

3-0707957  =  log  of  1177-1 
=  100-3  per  cent,  pure  oopper  * 

No.  4  CoU. 
log  22-20  =  1-3463530 
log      1-9990=     -3008128 

1- 0455402  =  log  of  11-10 
log  107-05      =  2-0296010 

3-0751412  =  log  of  1188-9 
=  99'3  per  cent  pure  copper  * 


No.  5  Coil. 
log  22-36  =  1-3494718 
log      1-9990=     -3008128 


1  •  0486590  =  log  of  11-18 
log  106  05      =2-0255231 


3-0741821  =  log  of  1186-3 
=  99-5  per  cent,  pure  copper  • 


April  3ni. 


»  Table  IL    See  also  page  459,  §  522. 

Digitized  by  VjOOQ  IC 


SYSTEM   OF  TESTING  CABLE   DURING  MANUFACTURE.        521 


S! 
§ 


I 


3 


a 


3^ 


at 


1^1 


is 


O  fH 

sj  §  i 


s 


s 


CO 


•gee      S     S     S     S 


13 


11 


S 


rH  C^  ©1  f-f  rH 


IH  (M  « 


Digitized  by  VjOOQ  IC 


522  HANDBOOK  OF  ELECTRICAL  TESTING. 

Calculations  fob  Sheet  (C). 

JpHZSfti. 
Inductive  Capacity. 

log       3=    -4771213 

log  1510  =  3- 1789769 

log    330  =  2-5185139 

G  +  S  _  5460  +  330  _  5790 

61746121  s  330  330 

log  5790  =  3-7626786 

2-4119335 

No.  I  CM. 

log  167*5       =  2-2240148 

2-4119335 


1-8120813  =  log  of '6488 
log     1-9946=    -2998558 

1-5122255  =  log  of -3253 

No.2CoiL 

log  169-5       =  2-2291697 

2-4119335 


1  -8172362  =  log  of  -6565 
log      20074=    -8026339 

1-5146023  =  log  of -3270 

No,  3  CoiL 

log  169  5        =2-2291697 

2-4119335 


1-8172362  =  log  of -6565 
lo!?      2-0069  =    -3025257 


-5147105  =  log  of  -3271 
No.  4  Coil. 


log  171-5        =2-2342641 
2-4119335 


1-8223306  =  log  of -6642 
log      1-9990=    -3008128 

1-5215178  =  log  of  •  332a 

No,  5  CotX 

log  168-5        =  2-2265909 

2-4119335 


1  8146664  =  log  of -6526 
log      1-9990=    -3008128  ""^ 


1-5138536  =  log  of -3265 
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CiliCDLATIONS  FOB  SheBT  (D). 


IwulcUion  Benstanee. 


log  152,000  =  5*  1818436 
log  4000  =  3*6020600 

8*7839036 
log  9460  =  3*9758911 


5460  -f  4000  _  9460 
4000  4000 


4*8080125  =  log  of  64271 

No.  1  CoU, 

4*8080125 
log  148  =  2*  1702617 

2  6377508  =  log  of  434*3 
log  1*9946=    -2998558 

2*9376066  =  log  of  866*2 

No.  2  Coa. 
4*8080125 
lug  142  =  2*1522883 

2*6557242  =  log  of  452  6 
log  2  0074=    -3026339 

2*9583581  =  log  of  908*6 

No.  3  CoiL 
4*8080125 
log  144*5    =2*1598678 

2*6481447  =  log  of  444  8 
log  2  0069=     *  3025257 

2*9506704  =  log  of  892 '6 

No.  4  CoiL 

4*8080125 
log  140*5    =2*1476763 

2-6603362  =  log  of  457*4 
log  1*9990=    *  3008128 

2*9611490  =  log  of  914*4 

No.  5  Coil] 
4*8080125 
log  138  =  2-1398791 

2*6681334  =  log  of  465-7 
log  1*9990=    -3008128 

.  2-9689462  =  log  of  931* 0 
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Calculations  for  Sheet  (D) — continued. 
Percentage  of  Electrification. 


No.  1  CaiL 

No.  2  Coa. 

148 
139 

142 
132 

tog     9=    -9542425 
log  100  =  2- 

log    10=1-0000000 
log  100  =  2- 

2-9542425 
log  148  =  2-1702617 

3-0000000 
log  142  =  2-1522883 

•7839808 
=  log  of  6-08 

-8477117 
=  log  of  7-42 

No.  3  Coil 

No.  4  CoiL 

144-5 
136 

140-5 
133-5 

log     8-5=    -9030900 
log  100      =  2- 

log     7-0=    -8450980 
tog  100      =  2- 

2-9030900 
log  144-5  =  2-1598678 

2-8450980 
log  140-5  =  2-1476763 

•7432222 
=  log  of  5-54 

-6974217 
=  log  of  4-98 

No.5C(nL 

138 
129-5 

log     8-5 
log  100 

=    -9030900 
=  2- 

log  138 

2-9030900 
=  2-1398791 

-7631209 
=  log  of  5-80 
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Tests  of  the  Cable. 

587.  As  soon  as  one  or  more  coils  have  been  tested,  the  manu- 
facture of  the  cable  is  commenced ;  and  as  each  coil  is  passed 
through  the  covering  or  "closing"  machine,  another  is  jointed  on, 
the  joint  being  made  at  such  a  time  that  at  least  twenty-four 
hours  can  elapse  between  the  making  and  testing  of  the  same.  To 
ensure  this  necessary  time  intervening,  as  soon  as  one  joint  is 
passed  through  the  closing  machine  the  next  should  be  made,  so 
that  there  is  a  length  of  two  knots  of  coil  to  be  sheathed  before 
the  new  joint  is  reached. 

The  system  of  testing  joints  has  been  described  in  Chapter 
XIX.  A  form  for  entering  the  results  of  the  tests  is  shown  by 
Sheet  E. 

In  making  a  joint  it  is  necessary  to  cut  off  a  certain  length 
from  each  coil.  The  amount  of  this  length  varies  according  to 
circumstances,  but  it  is  seldom  more  than  a  few  yards. 

The  order  in  which  the  coils  are  jointed  together  does  not 
always  correspond  to  the  order  in  which  they  are  tested  at  75°, 
and  therefore  it  is  necessary  to  note  down  their  consecutive  order 
in  a  column  provided  on  the  test  sheets  for  the  purpose.  In  the 
case  of  a  fault  occurring  in  the  cable,  this  information  is  of  use  in 
enabling  an  accurate  measurement  to  be  made. 

Sheets  F,  G,  H,  I,  and  J,  show  the  system  of  entering  the  tests 
as  they  are  taken  each  day.  The  method  of  working  out  and 
entering  the  results  will  be  understood  from  the  examples  given. 

Sheet  J  shows  the  values  which  the  insulation,  <fec.,  of  the 
cable  would  have  if  no  change  took  place  during  the  course  of 
manufacture ;  the  insulation  values,  therefore,  compared  with  the 
measured  results  during  manufacture,  indicate  whether  (as  should 
be  the  case)  the  insulation  is  improving.  The  conductor  resist- 
ance values  are  used  for  the  purpose  of  calculating  the  tempera- 
ture of  the  cable  (page  476,  §  654). 

With  reference  to  the  4th,  5th,  6th,  and  7th  columns  on  Sheet 
J,  as  has  been  explained  on  page  260,  §  275,  the  joint  insulation 
resistance  of  a  number  of  wires  is  equal  to  the  reciprocal  of  the 
sum  of  the  reciprocals  of  their  respective  insulation  resistances. 
The  5th  column  contains,  therefore,  the  reciprocals  *  of  the  values 
in  the  4th  column.  These  reciprocals  are  added  together,  and  the 
results  noted  in  the  6th  column  :  the  reciprocals  of  these  numbers 
give  the  values  in  the  7  th  column. 

♦  The»c  are  beat  obtained  from  t^iblcs  (Barlow's  are  generally  UBed). 
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588.  When  a  cable  is  of  a  considerable  length  it  is  usual,  in 
order  to  save  time,  to  manufacture  the  same  in  several  lengths 
or  "sections,"  so  that  several  machines  can  be  running  at  the 
same  time.  When  the  sections  are  completed  they  are  spliced 
together  so  as  to  form  one  continuous  length.  The  examples  of 
tests  given  represent  the  tests  of  one  section  of  the  Main  Gable. 

Final  Testa. 

589.  On  the  completion  of  the  cable  special  tests  for  insulation 
(page  411,  §  459)  are  made. 

The  general  method  of  recording  these  special  insulation  and 
other  tests,  is  shown  on  page  536,  by  Sheet  E. 

590.  In  the  case  of  a  cable  whose  core  is  insulated  with  gutta- 
percha the  insulation  goes  on  improving  during  the  course  oi 
manufacture,  so  that  the  final  test  will  show  (or  ought  to  show) 
the  "  Besistanoe  per  knot  reduced  to  75°  "  (see  bottom  of  Sheet  K) 
to  be  greater  than  the  "  Estimated  resistance  per  knot  from  tests 
of  coils  at  75°  "  (Sheet  J,  col.  8,  and  bottom  of  Sheet  K).  This 
however,  it  should  be  mentioned,  is  not  the  case  when  the  cor 
employed  is  insulated  with  indiarubber;  in  this  case  the  insu 
lation  almost  always  (if  not  always)  falls  to  some  extent  as  the 
manufacture  proceeds,  and  this  fall  must  not  be  assumed  to  be  an 
indication  of  any  deterioration  taking  place. 

591.  Most  of  the  calculations  can  be  done  with  great  facility 
and  advantage  by  means  of  a  '*  Fuller's  *'  slide-rule,  instead  of  by 
logarithms,  as  in  the  examples  given. 
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Part  of  Calculations  for  Sheet  (P). 
Lengik  Manufactured. 


log  1404   =  8-1473671 
log  274-25  =  2-4381406 

5'9926 

•7092205  «  log  of  5- 1194 

•8782 


Part  of  Calculations  for  Sheet  (Q). 

Estimated  Temperature, 

log  66-26  =  1-8212514 
log  68-90=  1-8055009 

*0157505  slog,  of  1-0369 
=  ooeff.for58}.* 


Part  of  Calculations  for  Sheet  (H). 

Inductive  Capadiy. 

log       3=    -4771213 

log    152  =  81818436 

log    100  =  2-0000000 

G4-S_  5460  +  100  '5560 

5*6589649       "g       lOO  ^  "  loo* 

log  5560  =  8-7450748        "*       ^^      ^^ 

1-9188901 

log  159-5  =  2-2027607 
1-9138901 


April  SIh. 


-2888706  =  log  of  1*9448 
log  5-9926=    -7776153 

r-5112553  =  log  of  -8245 


♦  Table  IV. 

2  M 
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Fakt  or  Calcoultiojis  fob  Sheet  (Sy-^eontivued. 

Peretntage  of  Lou. 

159^5 
129 

log   80*5  =  1-4842998 

log  100     B  2- 

8*4842998 
log  159-5  =  2*2027607 

1*2815891  =  log  of  19-1 

Part  of  Galculatiohs  fob  Sheet  (I). 
InmUaium  Bemtunce. 


log        152,000  s  5-1818486 

log           8000  =  8-9080900                5460+8000. 

13460 

9-0849886                       «W0 
log          18460  =  4-1290451 

8000 

4-9558885  =  log  of  90^ 
log             154  =  2-1875207 

2-7688678 
log  ooeft*  58)0=    -5448581 

2-2285147  =  log  of  1-673 
log         5-9926=    -7776158 

8-0011800  =  log  of  1003 

•  T^UeV. 
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Thb. 


(K) 


.Tklboraph  Compant. 


MAXurAonmi  or. 


.BUBMABIKB  GaBLX  AT. 


Leogth,  40*82  knote. 


Toui 
488*93  ohms 


Cablx  Works. 
Siorioir  A.— lUnr  Cable. 

Fill AL  TXST. 

Condueior  Benttance* 


May  Zrd,  1899. 


Total  of  Oolto 


Tempmtiim. 


447  *  66  obma       Gl^^"  Fahr.       61<>  Fahr. 


IVrMflefroin 
OoikatTS*'. 

11-10 


Indudiw  OapacUy. 

161x10    162X  — tl*    144X  -^,;tl?    Ill    18196  m.t     -8273  m-f. 
15  lo 


Inmlatian  SeBittanee. 

CoMtanL    Battery  800  Ledanoh^    O  s  5520. 

Battery  through  1  megohm,    8  =  jjjt^,    220  def.    8.  on  Gable,  660  ohms. 


Ttana. 

ZlnetoLine. 

BarUi  Beading. 

Oopper  to  LIm. 

Ebrtb  Beading. 

After  1  min. 

267 

82 

800 

66 

9»         *        9> 

233 

63 

264 

40 

M       8       ,, 

219 

42 

260 

28 

n       4      «« 

218 

85 

241 

22 

n      ^     Z 

207 

80 

284 

18 

I     6     „ 

204 

229 

M      7     ,, 

201 

225 

.,     8     ,. 

199 

222 

u      9     „ 

197 

218 

«    10     „ 

196 

215 

„      11        M 

198 

212 

„    12      n 

191 

210 

,.    13     ., 

189 

208 

.>    H     „ 

188 

206 

n     15     r. 

187 

205 

All  readings  steady. 

BesittanM  per  knot— at  nonnal 
temp,  at  end  of  let  mln. 
Zinc  to  Line 

IH).  reduced  to  7 5»    .     .     .     . 

Do.  from  teats  of  Golli  at  76°  . 


3500  megs. 
laOT     .. 

M6      .. 


Zinc  to  Gopper 

line,  to  Line. 

Percentage  of  Electrification  )     , ,. ,  , «.. 

between  1st  and  2nd  min.  f     "  *  *^  • 

Do.  let  and  16th  min.    .     .        43*6  48*5 


Signature - 
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APPENDIX. 

• 

CHAPTEK  XXVII. 

ELECTRICAL   UNITS. 

592.  The  values  of  the  eleotrioal  units  as  defined  by  the  Board 
of  Trade,  are  as  follows  : — 

1.  The  Ohm^  which  has  the  value  10*  in  terms  of  the  centiraetre 
and  the  second  of  time,  and  is  represented  by  the  resistance  offered 
to  an  unvar^nng  electric  current  by  a  column  of  mercury  at  the 
temperature  of  melting  ice,  14*4521  grammes  in  mass,  of  a  constant 
cross  sectional  area,  and  of  a  length  of  106  *  3  centimetres. 

2.  The  Amp^rCy  which  has  the  value  -j\jth  in  terms  of  the 
centimetre,  the  gramme,  and  the  second  of  time,  and  which  is 
represented  by  the  unvarying  electric  current  which,  when  passed 
through  a  solution  of  nitrate  of  silver  in  water  in  accordance  with 
the  specification,  deposits  silver  at  the  rate  of  0*001118  of  a  gramme 
per  second. 

3.  The  VoUf  which  has  the  value  10^  in  terms  of  the  centimetre, 
the  gramme,  and  the  second  of  time,  being  the  electrical  pressure 
that  if  steadily  applied  to  a  conductor  whose  resistance  is  1  ohm 
will  produce  a  current  of  1  ampere,  and  which  is  represented  by 
'6974  (IHf)  ^^  ^^^  electrical  pressure  at  a  temperature  of  15°  0. 
between  the  poles  of  the  voltaic  cell  known  as  Clark's  cell  set  up 
in  accordance  with  the  specification  (see  page  160). 

Specification  of  Cubbent  Yoltambtkb. 
In  the  following  specification  the  term  silver  voltameter  means 
the  arrangement  of  apparatus  by  means  of  which  an  electric  current 
is  passed  through  a  solution  of  nitrate  of  silver  in  water.  The  silver 
voltameter  measures  the  total  electrical  quantity  which  has  passed 
during  the  time  of  the  experiment,  and  by  noting  this  time  the  time 
average  of  the  current,  or  if  the  current  has  been  kept  constant  the 
current  itself,  can  bo  deduced. 
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In  employing  the  eilyer  voltameter  to  measore  onrrentB  of  about 
1  ampere  the  following  arrangements  shonld  be  adopted.  The 
cathode  on  which  the  silver  is  to  be  deposited  shonld  take  the  form 
of  a  platinnm  bowl  not  less  than  10  centimetres  in  diameter,  and 
from  4  to  5  centimetres  in  depth. 

The  anode  should  be  a  plate  of  pure  silver  some  30  square 
centimetres  in  area  and  2  or  3  millimetres  in  thickness. 

This  is  supported  horizontally  in  the  liquid  near  the  top  of  the 
solution  by  a  platinum  wire  passed  through  holes  in  the  plate  at 
opposite  comers.  To  prevent  the  disintegrated  silver  which  is 
formed  on  the  anode  from  falling  on  to  the  cathode,  the  anode  should 
be  wrapped  round  with  pure  filter  paper,  secured  at  the  back  with 
sealing  wax. 

The  liquid  should  consist  of  a  neutral  solution  of  pure  silver 
nitrate,  containing  about  15  parts  by  weight  of  the  nitrate  to 
85  parts  of  water. 

The  resistance  of  the  voltameter  changes  somewhat  as  the 
current  passes.  To  prevent  these  changjas  having  too  great  an 
effect  on  the  current,  some  resistance  besides  that  of  the  voltameter 
should  be  inserted  in  the  circuit.  The  total  metallic  resistance  of 
the  drcuit  should  not  be  less  than  10  ohms. 

Melhod  of  Making  a  Meamiitemeni. 

The  platinum  bowl  is  washed  with  nitric  acid  and  distilled 
water,  dried  by  heat,  and  then  left  to  cool  in  a  desiccator.  When 
thoroughly  dry  it  is  weighed  carefully. 

It  is  nearly  filled  with  the  solution,  and  connected  to  the  rest 
of  the  circuit  by  being  placed  on  a  clean  copper  support,  to  which 
a  binding  screw  is  attached.  This  copper  support  must  be  insu- 
lated. 

The  anode  is  then  immersed  in  the  solution  so  as  to  be  well 
covered  by  it  and  supported  in  that  position  ;  the  connections  to 
the  rest  of  the  circuit  are  made. 

Contact  is  made  at  the  key,  noting  the  time  of  contact.  The 
current  is  allowed  to  pass  for  not  less  than  half-an-hour,  and  the 
time  at  which  contact  is  broken  is  observed.  Care  must  be  taken 
that  the  clock  used  is  keeping  correct  time  during  this  interval. 

The  solution  is  now  removed  from  the  bowl,  and  the  deposit  is 
washed  with  distilled  water  and  left  to  soak  for  at  least  six  hours. 
It  is  then  rinsed  successively  with  distilled  water  and  absolute 
alcohol,  and  dried  in  a  hot-air  bath  at  a  temperature  of  alj^ut 
160^C.  After  cooling  in  a  desiccator  it  is  weighed  again.  The 
gain  in  weight  gives  the  silver  deposited. 
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To  find  the  current  in  amperes,  this  weight,  expressed  in 
gramme^y  must  be  divided  by  the  number  of  seconds  daring  which 
the  current  has  been  passed,  and  by  0*001118. 

The  result  will  be  the  time-ayerage  of  the  current,  if  during  the 
interval  the  current  has  varied. 

In  determining  by  this  method  the  constant  of  an  instrument, 
the  current  should  be  kept  as  nearly  constant  as  possible,  and  the 
readings  of  the  instrument  observed  at  frequent  intervals  of  time. 
These  observations  give  a  curve  from  whicK  the  reading  corre- 
sponding to  the  mean  current  (time-average  of  the  current),  can 
be  found.  The  current,  as  calculated  by  the  voltameter,  corresponds 
to  this  reading. 

To  DETERMINE  THE  TrUB   InSULATION   AND  CONDUCTOR  BeSISTANCES 

OF  A  Uniformly  Insulated  Telborapu  Line. 

593.  On  page  7  (§  11)  it  was  pointed  out  that  the  rule  of  multi- 
plying the  total  insulation  by  the  mileage  of  the  wire  to  get  the 
insulation  per  mile  was  not  strictly  correct.  Now,  although  the 
leakage  on  a  telegraph  line  insulated  on  poles  is  really  a  leakage 
at  a  series  of  detached  points,  and  not  a  uniform  leakage,  as  in  a 
cable,  yet  practically,  and  especially  in  the  case  of  long  lines,  it 
may  be  considered  as  taking  place  uniformly,  and  consequently  the 
solutions  of  problems  dealing  with  cables  also  apply  with  con- 
siderable accuracy  to  land  lines.  We  may  therefore  consider  the 
case  in  question  by  the  help  of  the  equations  we  have  obtained  in 
the  investigations  made  in  Chapter  XXII. 

On  page  484  we  have  an  equation  [12] 

1    _  I 

and  on  the  same  page  an  equation  [10] 

m  1 


therefore 

2m  2r     ' 

by  substitution  and  transposition  we  get 
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Binoe  I  is  the  length  of  the  line,  and  r  is  the  Conductor  resistance 
per  unit  length,  I  r  is  the  Total  Conductor  BegUtance  of  the  line,  "R, 
and  B^  being  the  respective  total  resistances  of  the  line  when  the 
further  end  is  to  earth  and  when  it  is  insulated. 
Again  we  have  (page  480) 

♦ 

therefore 

1        m  1 


[BJ 


therefore 

J t 

by  substitution  and  transposition  we  get 

Since  I  is  the  length  of  the  line,  and  t  is  the  InmdcUion  resistance 
per  unit  length,  -r  is  the  Total  Insulation  Besistance  of  the  line. 

To  g^t  the  per  mile  results,  we  must,  of  course,  in  the  first  case 
divide  the  total  by  the  mileage,  and  in  the  second  multiply  it  by  the 
mileage. 

By  expanding  the  logarithm  we  may  obtain  approximate  simpli- 
fications of  the  foregoing  formulaa. 

We  have 

but 

,       1  +a»      „  (        ar>      a?   ,  \  , 

therefore 

^  VB,  -  VE.         VB,  I         3    B*  ^  5    VB/  ) 

•  Todhunter's  Algobra,  5th  Edition,  page  337. 
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thearefore  from  equation  [A]  (page  589) 

and  from  equation  [B]  (page  540) 

=^^~rE;-i6'(k)~^(^)'---l* 

If  E{  ifl  not  leas  than  5  times  E^  then  the  abbreviated  formnko 

are  correct  within  1  per  cent. 

If,  howeyer,  B<  is  not  more  than  2^  times  B^  then  it  wonld  be 
necessary  to  take  three  of  the  terms  given  above  in  order  to  be 
correct  within  1  per  cent.  In  snoh  cases  the  logarithmic  formnlaa 
would  probably  be  but  little  more  laborious  to  work  out,  and  would, 
of  course,  give  exact  results. 

594w  A  direct  means  of  ascertaining  the  Inmdaiton  Beiiatanee 
per  mUe  of  an  insulated  wire  is  the  following : — 

As  has  been  pointed  out,  on  page  480,  we  have  an  equation 

where  r  is  the  conducti'^ty  resistance  per  unit  length,  and  t  the 
insulation  resistance  per  unit  length,  of  the  line.  Also  on  page  484 
we  have  an  equation 

111 

where,  as  before,  B,  is  the  total  resistance  of  the  line  when  the 
further  end  is  to  earth,  and  B<  the  total  resistance  when  the  end  is 
insulated.    By  combining  these  two  equations  we  have 


or 


B.B.  =  r»Urt, 

r 

[A] 
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If  we  take  the  unit  length  to  be  a  mile,  then  r  being  the  trne 
oonductor  resiatanoe  per  mile,  t  will  be  the  Iniuloikm  KuUianee 
per  mile. 

It  will  be  seen  that  the  mileage  of  the  line  does  not  come  into 
the  equation,  this  quantity  being  represented  by 


What  we  do,  in  faot,  in  order  to  obtain  the  true  hmulaium  per  mUe 
of  a  line,  is  to  multiply  the  total  resistance  of  the  line  when  its 
end  is  insulated,  not  by  the  aheolute  total  conductiyity  divided  by 
the  ahecluie  conductivity  per  mile,  which  is  the  same  thing  as  the 
mileage,  but  by  the  ahurved  total  conductivity  (Le.  the  total  resist- 
ance of  the  line  when  its  end  is  to  earth)  divided  by  the  (tm  con« 
ductivity  per  mile. 

For  example. 

The  resistance  of  a  line,  200  miles  long,  when  the  further  end 
was  insulated,  was  4000  ohms.  When  the  end  was  to  earth  the 
resistance  was  2400  ohms.  The  absolute  conductor  resistance  of 
the  wire,  at  the  time  the  measurements  were  being  made,  was  known 
to  be  16  ohms  per  mile.  What  was  the  true  insulation  per  mile 
of  the  line? 

.•  =  4000  x?S^- 600.000  ohms, 
lo 

The  value  of  t  given  by  the  ordinary  rule  would  be 
t  =  4000  X  200  =  800,000  ohms, 

a  result  200,000  ohms,  or  33  per  cent,  too  high. 

595.  It  must  be  evident  that  what  is  ordinarily  called  the 
conductor  resistance  of  a  line  is  really  the  true  conductivity 
resistance  diminished  by  the  conducting  power  of  the  insulators. 
In  the  case  of  a  laud  line,  therefore,  to  obtain  the  value  of  r  from 
equation  [A]  (page  541)  it  would  be  necessaiy  to  take  a  conduc- 
tivity test  in  fine  weather  when  the  insulation  is  very  high,  and  to 
note  the  temperature  at  that  time ;  and  then  when  an  insulation 
test  is  made  in  wet  weather,  to  observe  the  temperature,  and  from 
this  correct  the  value  of  r  previously  obtained  in  the  fine  weather. 

596.  In  the  case  of  a  short  submarine  cable,  the  insulation 
resistance  (when  the  cable  is  in  good  condition)  is  always  so  greatly 
in  excess  of  the  conductivity  resistance  that  the  true  value  of  the 
latter  is  obtained  at  once  by  measuring  the  resistance  of  the  cable 


Digitized  by 


Google 


MISCELLANEOUS.  543 

when  ita  end  is  to  earth.  Also  the  insulation  per  mile  is  practi- 
oally  equal  to  the  total  resistance  when  the  end  is  insulated, 
multiplied  by  the  mileage. 

The  Interpretation  and  Correction  for  Leakage  of 

Ck>NDirCT0R-BBSISTAN0E  TeSTS  ON  SUBMARINE  CaBLES.* 

597.  If  a  long  cable  were  cut  into  by  a  repairing  ship  at  a 
point  at  which  the  true  conductor  resibtanoe  to  shore  was  8000 
ohms,  and  the  leakage  through  the  dielectric  such  as  to  be  equiva- 
lent to  a  small  fault  of  1  megohm  resistance  acting  at  a  spot 
2000  ohms  from  the  ship,  the  conductor  resistance  observed  on 
board  would  be  7964  ohms,  while  shord  would  obtain  7996  ohms. 
The  ship's  result  would  thus  fall  short  of  the  true  conductor 
resistance  by  36  ohms,  equivalent  to  an  error  of,  say,  6  knots  in 
length  of  cable.  If,  at  some  subsequent  date,  the  ship  lifted  and 
tested  the  cable  again  at  the  same  place,  and  the  dielectric  resistance 
had  in  the  interval  fallen  to  0*5  megohm,  its  resultant  being  still 
2000  ohms  distant,  the  conductor  resistances  observed  by  ship  and 
shore  would  be  7928  ohms  and  7992  ohms  respectively,  the  ship's 
error  now  being  72  ohms,  or  12  knots. 

The  dielectric  resistance  mentioned  in  the  first  instance  might 
be  the  normal  insulation  of  a  long  cable,  and  the  eccentricity  of 
the  resultant  due  to  shallow  water  and  a  high  bottom  temperature 
towards  one  end  of  the  line.  The  subsequent  fall  to  half  value 
might  probably  be  caused  by  the  weakening  of  a  bad  joint  at  about 
the  position  of  the  resultant  leak. 

From  these  examples  it  will  be  evident  that  the  normal  observed 
conductor  resistance  of  even  a  perfect  cable  may  differ  materiaUy 
from  the  true,  and  that  in  consequence  of  changes  in  the  dielectric 
resistance  along  the  line,  whether  due  ^to  variations  of  bottom 
temperature  or  to  other  causes,  the  conductor  resistance  of  the 
whole  or  of  any  portion  of  the  cable  may  apparently  alter  from 
time  to  time. 

Conductor  resistance  tests  cannot  therefore  be  properly  com- 
pared until  they  have  been  corrected  for  leakage  as  well  as 
temperature.  Nevertheless,  it  is  a  general  custom  to  accept  the 
observed  conductor  resistances  as  true  measurements  of  the  lengths 
of  cables,  and  of  their  sections,  and  errors  have  accumulated  in 
splice  lists  and  charts  in  consequence,  which  make  it  a  matter  of 
difficulty  to  determine  the  true  distance  to  a  fault  or  break  with 
any  certainty,  even  when  a  good  localisation  has  been  efifected. 

♦  Walter  J.  Murphy,  •  The  Electrician '  Aug.  12, 1898. 
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If  (Fig.  200)  the  leaki^  along  the  line  A  B  be  coUectiTely 
represented  by  a  leak»  s,  whose  resistance  and  position  are  snch 
that  it  has  the  same  effect  on  the  tests  taken  at  either  end  as  the 


■M 

Fici.  200. 

real  leaks,  and  a  and  6  be  the  tme  conductor  resistances  from  A 
and  B  to  the  supposed  position  of  «,  then  the  result  of  a  conductor- 
resistance  test  taken  at  A  will  be  equal  to  a+-j-p-  .  This  is 
less  than  the  true  conductor  resistance  (a  +  6)  by  the  differ^ 
ence  (A)  between  h  and  g—?-^. 
Calling  this  difference  A's  *•  fall,"  we  have 

Similarly, 


a  z 


B'efaU=:/.  =  a-— -  = 


^a 


B  +  z      a  +  z 

A  and  B  will  consequently  only  obtain  similar  conductor  resistancea 
when  a  =s  fc,  that  is,  when  the  resultant  leakage  is  central,  which 
may  be  the  case  either  when  the  dielectric  is  homogeneous  or  when 
mutually  balancing  leaks  exist.  In  any  case,  neither  A  nor  B 
can  obtain  the  true  conductor  resistance  by  observation,  although 
in  short  well-insulated  cables  the  difference  may  not  be  appreci- 
able. 

As  a  +  «  and  h  +  z  are,  in  fact,  each  practically  equal  to  the 
insulation  resistance,  as  observed  from  A  and  B  respectively,  the 
last  equations  may  be  written 

h^  a* 

/,  =r  -      and     /,  =  ^„ 

wherer'  =  b-|-«        1  .    .  K  =  'iT^T>. 
=  B's  D.B.*f  ^""^  \     =  As  D.B.» 

They  may  now  be  expressed  as  follows : — 
S^  1.— The  •*  fall "  in  conductor  resistance  due  to  a  leak,  is 
directly  proportional  to  the  square  of  the   conductor  resistance 

*  Dielectric  BesibtaiK^. 
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beyond  the  apparent  position  of  the  leak,  and  inversely  proportional 
to  its  apparent  resistance. 

Bule  2. — The  apparent  distance  of  the  leak  from  the  observer 
is  equal  to  the  square  root  of  the  product  of  the  fall  observed  by 
the  distant  station  and  the  apparent  resistance  of  the  leak  observed 
by  himself. 

a  =  Vj^'.  [2] 

Bule  3. — The  insulation  resistance  of  the  cable  is  equal  to  the 
square  of  the  conductor  resistance  beyond  the  leak  divided  by  the 
observed  fall. 

Wlien  in  equations  [1]  and  [2]  the  difference  between  r'  and  r^' 
is  negligible,  as  will  usually  iSe  the  case,  we  may  take 


and  therefore 


and  since  a  +  6  =  true  conductor  resistance,  therefore 
a  =  true  conductor  resistance     ,  .        ,—  i 

V/.  +  V/, 

and 


A' 

a 

b  =  true  conductor  resistance 


Hence  follows : — 

Bule  4. — The  resultant  leak  is  distant  from  each  end  inversely 
as  the  square  roots  of  the  falls. 

The  true  conductor  resistance  of  a  cable  should  be  established 
by  correcting  the  usual  weekly  tests  by  the  application  of  the 
above  rules ;  but  in  cases  in  which  it  is  not  known,  the  following 
is  a  rapid  method  of  approximating  to  its  value,  when  a  +  &  is 
taken  of  a  probable  value,  and  t^  and  r^  are  taken  as  equal  and 
=  r. 

2  K 
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Sinoe 

/^  =  -.     and   /•  =  -, 
therefore  ,      a'  —  ft' 

where  d  ssf^—  /^,  the  differenoe  between  the  falls,  and  oonse- 
quently  the  differenoe  between  the  observed  conductor  resiBtanoes 
of  A  and  B.    Then 

If  we  say  (a  +  ft),  the  true  conductor  resistance,  =  L,  then  ft  =  L  -  a, 
and  d  r  s=  L  {a  —  (L  —  a)} ;  hence  we  have  Bule  5, 

"»(■'*  r> 

taking  the  +  or  —  sign  according  as/,  or/,  is  the  greater,  d  being 
the  algebraic  difference  between  them. 

The    true  conductor  resistance,  then,  will   be  obtained  bj 

adding  —  to  the  conductor  resistance  measured  from  B.     If  this 

result  differs  materially  from  L,  the  calculation  is  repeated,  asing 
the  value  so  obtained  as  L,  but  as  the  errors  tend  to  correct  them- 
selves this  will  seldom  be  necessary.  In  working  all  the  formulse 
but  the  last,  it  will  be  found  very  convenient  to  write,  or  to  think 
of,  the  "  falls "  in  ohms,  the  a's  and  ft*s  in  thousands,  and  the  z 
values  in  megohms.  Taking  the  example  given  at  the  commence- 
ment of  §  595,  the  ship  obtained  7964  ohms  in  the  first  case, 
because  z=l  megohm,  and  this  was  distant  8000  —  2000=  6000  ohms 
from  the  further  station, 

therefor«/=J6^^  =  86ohms. 

and  the  observed  conductor  resistance  was  consequently  8000  —  36 
=r  7964  ohms. 

The  tests  would  in  practice  have  been  dealt  with  as  follows  :— 
Conductor  resistance  measured  by  ship  =  7964. 
„  „  „         shore  =  7996. 

d  =  32  ohms.        z  =  1  megohm,  about 

By  Bule  5,  assuming  the  ship's  position,  and  therefore  true  con- 
ductor resistance,  as  about  7998  ohms  from  the  shore, 
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and 

h  =  7998  -  1998  =  6000  ohms. 

From  these  the  true  oondnctor  resistance 

[=  7996  +  ^^'y  =  7996  +  4  =  8000  ohms; 

or, 

62 
7964  +  Y  =  7964  -f  36  =  8000  ohms. 

Had  the  true  oondnctor  resistance  been  known,  as  should  be  the 
case  when  testing  from  station  to  station,  it  would  have  been  un- 
necessary to  observe  the  insulation  resistance,  since,  bj  Eule  4, 
the  leak  would  be  distant  from  the  ship 

QAAA  V8000~^"7996  2 

^^^^  V8000-7964+V8()-00-:^996  =  ®^^^  8  =  '^^^  ^^"^^' 
and  the  insulation  resistance  would  be  (Eule  3) 

(8000  -  2000y      ^ 
=  ^  36  megohm. 

The  true  conductor  resistance  is  not  necessarily  a  fixed  quantity. 
When  the  cable  is  in  shallow  water,  the  bottom  temperature  may 
vary  considerably  with  the  season  of  the  year.  Curve  sheets 
should  therefore  be  kept,  on  which  the  value  of  the  true  conductor 
resistance  and  the  position  of  the  resultant  leak  obtained  bj' 
treating  the  weekly  tests  as  above,  should  be  systematically  re- 
corded. If  an  account  of  the  changes  made  in  the  true  conductor 
resistance  by  repairs  be  kept,  and  applied  to  the  results,  it  will 
furnish  an  interesting  indication  of  the  change  of  temperature 
along  the  line  of  cable  from  season  to  season  and  year  to  year,  as 
well  as  data  for  the  proper  correction  of  localisations. 

Postal  Teleoraph  System  of  Testing  Telegraph  Lines. 

698.  The  system  of  daily  testing  for  insulation  described  in 
Chapter  I.  page  6,  and  which  was  in  general  use  on  the  lines  of  the 
Postal  Telegraph  Department,  was  first  superseded  by  a  system 
of  testing  by  received  currents,  which  necessitated  very  exact 
measurements  of  force  at  the  sending  end  of  the  line,  and  also 
an  exact  determination  of  the  galvanometer  sensitiveness  at  the 
receiving  end  of  the  line.  This  it  was  found  could  not  be  ensured 
with  facility,  and  moreover  the  great  increase  in  the  number  of 

2  N  2 

Digitized  by  VjOOQIC 


548  HANDBOOK   OF   ELECTRICAL  TESTING. 

wiree  to  be  tested,  neoeasitated  the  adoption  of  Bome  method  which 
would  be 

(a)  Independent  of  the  exact  force  of  the  testing  batteries  ; 

(h)  „         ,,  sensitiyeness  of  the  galvanometer  used  ; 

(c)  Capable  of  application  to  lines  di£fering  considerably  in  con- 
ductor resistance. 

To  meet  these  conditions  the  following  system  of  testing,  which 
has  proved  quite  successful,  was  devised  by  Mr.  A.  Eden. 

A  current  is  first  sent  from  a  battery  of  low  resistance  through 
a  fixed  resistance  of  20,000  ohms,  which  is  in  circuit  with  one  of 
the  coils  of  a  differentially  wound  tangent  galvanometer,  so  as  to 
obtain  a  deflection  of  110  tangent  divisions. 

The  exact  voltage  of  the  testing  battery  is  immaterial,  as  an 
insensitive  galvanometer  and  a  high  voltage,  or  a  sensitive  galva- 
nometer and  a  low  voltage,  may  equally  ensure  a  constant  deflec- 
tion of  110  divisions;  but  in  practice,  as  the  Post  Office  tangent 
galvanometers  are  adjusted  (by  means  of  an  adjusting  magnet)  to 
indicate  80  divisions  when  a  current  of  1  milliamp^re  is  flowing 
through  their  coils,  the  constant  of  110  is  obtained  by  increasing 
or  decreasing  the  number  of  cells  (about  40  dry  oelLs)  until  the 
resulting  deflection  is  between  108^  and  111]^  tangent  divisions. 

The  galvanometer  is  then  connected  up  in  circuit  with  an 
earthed  battery,  the  free  end  of  which  is  joined  so  as  to  cause  a 
current  to  pass  from  the  battery  through  one  coil  of  the  differential 
galvanometer,  a  10,000  ohm  coil,  two  lines  looped  at  a  distant 
office,  a  second  10,000  ohm  coil,  and  thence  vid  the  other  half  of 


fO,  ooo 
JO,  ooo 


y 


Fig.  201. 


the  galvanometer  coils,  to  earth.  The  galvanometer  coils  are  so 
connected  that  the  outgoing  and  incoming  currents  produce  a  de- 
flection in  opposite  directions. 

These  connections  are  shown  in  Fig.  201,  and  it  will  be  nnder- 
stood  that  if  the  current  sent  out  from  the  battery  along  one  line 
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equals  in  strength  that  which  is  received  back  on  the  other  line,  no 
deflection  will  take  place,  but  if  there  is  any  loss  at  the  insulators, 
the  current  sent  out  will  be  greater  than  that  received  back,  and 
a  deflection,  d,  will  result,  which  will  be  the  exact  equivalent  of 
the  total  leakage  on  the  loop. 

Now  from  page  556  we  can  see  that  equation  [A],  there  given, 
will  express  the  value  of  this  total  leakage,  C,  —  C^  being  the 
difference  9f  the  two  currents  giving  the  deflection,  d,  and  C  being 
the  current  from  the  same  battery  passed  through  one  coil  of  the 
galvanometer,  and  through  a  total  resistance  equivalent  to  that  of 
the  looped  line  and  resistances  when  no  fault  exists.  If  D  be 
this  latter  deflection,  then  we  have 

E'D  R' 

Now  as  110  is  the  indicated  current  through  20,000  ohms 
resistance  +160  ohms  in  the  galvanometer  coil,  and  30  ohms  in 
the  battery,  it  follows  that  the  addition  of,  say,  a  500  ohms  loop 
and  the  second  coil  of  the  galvanometer,  would  reduce  the  current 
to 

(20,000  +  160  +  30)110         _  20,190  X  110  ^  io6-52 

20,000  +  160  +  30  +  500  +  160  20,850  ' 

where  no  leakage  existed ;  this  then  is  the  value  of  D,  so  that  the 
foregoing  formula  becomes 

/  =  ggJSOX  106-52  ^  ,_  20.850  ^  ^^^^^^^^^  ^ ^  _  ^^^^ 

For  example. 

With  a  500  ohms  loop  a  leakage  of  25  divisions  (d)  was  obtained ; 
what  was  the  total  insulation  resistance  of  the  loop  ? 
/=  1,110,471  +  25  -  5213  =  44,418-84  -  5213  =  39,205  ohms 
=  '039205  megohms,  or  '04  megohms  approximately. 

If  the  loop  had  been,  say,  200  miles  long,  then  the  insulation 
per  mile  would  have  been 

•039205  X  200  =  7-84  megohms. 

In  order  to  save  calculation,  a  table  (A)  giving  the  insulation 
resistances  corresponding  to  various  values  of  d,  worked  out  from 
the  foregoing  formula,  is  supplied  to  each  testing  office.  This 
table  gives  the  results  of  any  reading  on  loops  of  different  mileages 
in  terms  of  the  insulation  resistance  in  "  megohms  per  mile." 
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Table  (A).    Mobnino  Testing. 

Showing  the  Equivalent  Ingulation  Resistanoe  in  MegohmB  per  Mile  of  Tarions 
Amounts  of  Leakage  on  Loope  of  the  following  Lengths. 


Mileages. 

Uakage 



on 

600  Ohm 
Loop. 

1 

5 

10 

20 

40 

60 

70 

80 

200 

DlTiaions. 

Megohms  per  Mile. 

1 

110 

5-52 

110 

221 

442 

55-2 

773 

88^4 

221 

2 

•55 

2-75 

5-50 

no 

22  0 

275 

38-5 

44  0 

110 

3 

•36 

1-82 

3-65 

730 

14^6 

18-2 

25-5 

292 

730 

4 

•27 

1-36 

2-72 

5-44 

10-8 

136 

19-1 

21-8 

544 

5 

•21 

1-08 

2-17 

4-83 

8^68 

10-8 

15-2 

11-3 

484 

6 

•18 

•90 

180 

359 

7-20 

8-99 

126 

14-4 

360 

7 

•15 

•78 

1-53 

306 

6^10 

7-67 

107 

12-2 

30-6 

8 

•13 

•67 

1-34 

2-67 

534 

6-68 

935 

10-7 

268 

9 

•11 

•60 

1^18 

2^36 

477 

591 

8-27 

946 

236 

10 

•10 

•53 

106 

211 

4-23 

530 

7-41 

8-46 

21  2 

11 

•09 

•48 

•96 

192 

3-92 

4^80 

6-71 

7-66 

19-1 

12 

•08 

•44 

•87 

1-74 

359 

4-36 

601 

698 

17-4 

13 

•08 

•40 

•80 

160 

3-25 

401 

5-65 

6-42 

160 

;      14 

•07 

•37 

•74 

1^48 

301 

370 

532 

5  93 

14^8 

15 

•07 

•34 

•69 

1-37 

2-75 

3-44 

4-90 

5*50 

13-7 

16 

■06 

•32 

•64 

1-28 

2-56 

321 

4-53 

514 

12-8 

17 

•06 

•30 

•60 

1-20 

2-48 

300 

4-31 

4-81 

120 

18 

•06 

•28 

•56 

113 

2^26 

2^82 

3-92 

4-52 

113 

19 

•05 

•27 

•53 

1^06 

213 

2^66 

366 

4-26 

10-6 

20 

•05 

•25 

•50 

100 

200 

251 

3-50 

402 

10^0 

21 

•05 

•24 

•48 

•95 

1-89 

238 

3-31 

382 

954 

22 

•04 

•23 

•46 

•91 

1-79 

226 

312 

3-62 

906 

23 

•04 

•21 

•43 

•86 

175 

215 

300 

3-45 

8-62 

24 

•04 

•20 

■41 

•82 

166 

2'05 

290 

329 

8-22 

25 

•04 

•19 

•39 

•78 

1^58 

1-96 

275 

314 

7^84 

26 

•04 

•19 

•J37 

■75 

150 

1-87 

2-60 

300 

7-50 

27 

•03 

•18 

■36 

•72 

146 

1-79 

2  52 

2-87 

718 

28 

•08 

•17 

•34 

•69 

1-38 

172 

2  40 

2-75 

6-88 

29 

•03 

•16 

•33 

■66 

I'dS 

1-65 

2-33 

2*65 

6-62 

30 

•03 

•16 

•32 

•64 

1-27 

160 

2  22 

254 

6^S6 

31 

•03 

•16 

■31 

•61 

124 

1-53 

2-16 

245 

612 

32 

•OH 

•15 

■29 

•59 

120 

147 

206 

2-36 

5-90 

33 

•03 

•14 

■28 

•57 

114 

1-42 

200 

228 

5-70 

The  above  table  is  abbreviated  from  the  actual  table  used. 
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Tabli  (B).    Mobhino  TBSTiHa. 
Condactor  Resistanoe  Correction. 


Gondnotor  EeaiBtance  of  Loop  in  Thonaands  of  Ohm& 

Aotaal 

1 

n 

2 

2J 

3 

H 

4 

4J 

Reading. 

Equivalent  Beading  on  500 

Ohm  Loop. 

67 

68 

68 

68 

69 

69 

69 

70 

70 

68 

69 

69 

69 

70 

70 

70 

71 

71 

69 

70 

70 

71 

71 

71 

71 

72 

72 

70 

71 

71 

72 

72 

72 

72 

73 

73 

71 

72 

72 

73 

73 

73 

73 

74 

74 

72 

73 

73 

74 

74 

74 

74 

75 
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The  above  table  is  abbreviated  from  the  actual  table  used. 
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In  order  to  enable  the  innalation  resistanoes  given  in  Table  A 
to  be  utilised  for  loops  of  more  than  500  ohms  resistanoe,  a  second 
table  (B)  is  employed,  ^hioh  enables  the  deflections  actually  ob- 
tained with  such  higher  resistance  loops  to  be  corrected  to  the  value 
they  would  have  had,  had  the  resistance  of  the  loop  only,  been 
500  ohms. 

In  order  to  calculate  these  corrected  deflections,  H^  let  r  be  the 
extra  resistanoe  of  the  loop  beyond  500  ohms ;  then  we  have 

(20,850 +  r)  106-52  20,850 +  r. 

/=         -        2  -^-^  -  4 

but  since  we  have  also 

^      20.850x106-52        .      20,850 
/= 2 "^^"  '  4~' 

where  d  is  the  obeeryed  deflection,  therefore 

(20,850 +  r)  106' 52  20,850 +  r 

20,850x106-52  .    ,       20,850. 

therefore 

(20,850 +  r)  106 -52  _  20,850x106-52       20,850 
d!'               "               rf  "      2 

,   20,850 +  r      20,850x106-52   ,   r 
+ 2 = d +  2 ' 

therefore 

(20,850 +r)  106-52 20,850  +  r 

^'  ^  20^50x106-52      r  ""  20,850  r 

d  ■*"2  d      ■*■  218-04 

21,000  +  r  .      .  , 

=  2i;000— ^  approximately. 

d      "^  200 

For  example. 

What  is  the  corrected  deflection,  d,  for  a  loop  of  4500  ohms 
resistance,  the  observed  deflection,  d,  being  100  divisions  ? 

The  extra  resistance,  r,  beyond  500  ohms,  is  in  this  case  4000 
ohms,  therefore 

21,000  +  4000^     25,000    ,25,000^^,,^^^^ 
"  21,000      4000       210  +  20         230 

"loo""'"  ?00 

Table  B  is  compiled  from  the  foregoing  formula. 
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Where  loops  cannot  be  obtained,  the  distant  office,  instead  of 
looping,  connects  the  single  wire  to  earth  throngh  a  resistance- 
eqnal  to  the  receiving  half  coil  of  the  galvanometer,  and  also 
through  a  resistance  of  10,000  ohms.  In  this  case  the  calculated 
deflection  which  would  be  obtained  on  this  particular  wire  when 
the  insulation  was  perfect,  is  subtracted  from  the  deflection  observed 
at  the  sending  office,  and  the  result  multiplied  by  2  gives  the  leak* 
age  reading,  dj  on  this  particular  wire.  The  tables  then  furnish 
the  insulation  resistance  per  mile  as  in  the  case  of  loops. 

599.  The  pattern  of  galvanometer  used  for  the  foregoing  tests 
is  shown  in  general  plan  by  Fig.  202  (and  in  general  view  by 
Fig.  16,  page  24). 


FiQ.  202. 

In  this  instrument  the  ring  is  double  wound  with  two  wires, 
each  of  the  latter  having  a  resistance  of  160  ohms,  so  that  when 
the  two  wires  are  joined  in  series  the  total  resistance  of  the  ring 
is  320  ohms. 

The  ends  of  the  wires  are  connected  to  terminals  1  and  3,  and 
to  2  and  4,  respectively,  the  connections  being  such  that  when 
terminals  2  and  3  are  joined  together,  and  a  current  is  sent  from 
terminal  1  to  terminal  4,  the  two  coils  both  tend  to  deflect  the 
needle  in  the  same  direction.  Connected  with  terminals  1  and  4 
(so  as  to  embrace  both  the  160  ohm  coils  when  the  latter  are  joined 
in  series  by  connecting  terminals  2  and  3)  are  seven  shunts  of  the 
respective  values  Jth,  ^J^th,  ^th,  :^th,  ^V^l^,-  rijf^K  and  ^th ; 
these  shunts  reduce  the  sensitiveness  of  the  instrument  to  these 
values,  and  at  the  same  time  reduce  the  resistance  between  the  ter- 
minals 1  and  4  from  320  ohms  to  32,  16,  8,  4,  2,  1,  and  ^  an  ohm, 
respectively. 
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The  winding  of  the  two  1 60  ohm  coils  on  the  ring  is  differential, 
so  that  if  necessary  the  instrument  can  be  used  as  an  instmment 
of  this  description. 

To  Determine  the  Oonductor  Resistance  or  a  Line  when 
THE  Strengths  op  the  Senf  and  Beceived  Currents 

ARE  KNOWN. 

600.  If  in  Fig.  203,  A  B  is  a  line  which  has  high  resistances 
B,  B,  placed  at  its  ends,  then  it  can  be  demonstrated  mathemati- 
cally that  if  B,  B,  are  very  great,  a  "  resultant "  fault  *  /  (that  is, 
the  total  insulation  resistance  of  the  line)  will  produce  very  nearly 
the  same  effect  on  the  current  received  on  the  galvanometer  G, 

.Ai Y- ^^ ^ 


,Aj4 _! JjB 


wr 


6 


1 


-=^ 


i/^-/^/J  L/^/i  mm 

Fig.  203. 

whether  this  fault  is  at  the  middle,  at  the  end,  or  at  any  inter- 
mediate point  on  the  line.  As  a  matter  of  fact  the  fault  has 
the  greatest  influence  when  it  is  at  the  middle  of  the  line,  and 
the  least  influence  when  it  is  at  either  of  the  ends,  but  when 
the  resistances  B,  B,  are  each  about  10  times  the  conductor 
resistance  of  the  line,  then  the  difference  in  the  two  cases  is 
practically  very  small.  If  we  assume,  for  convenience  of  calcula- 
tion, that  the  resultant  fault  is  at  the  middle  of  the  line,  then  if 
G,  be  the  sent,  and  C^  the  received,  current,  and  Bi,  Bj  the  total 
equal  resistances  on  either  side  of  the  fault  /,  we  have 

C  -  C       •''  or  /       -  ^' 

•  Bee  page  300,  §  320. 
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but 


'''  +  57+7 

therefore 

E E  EC, 

O,  = 

therefore 


R.+R.|-^rr^)=«x(c.+c^' 


But  Ri  is  half  the  total  resistance  of  the  circuit,  hence  if  this 
circuit  is  the  conductor  resistance  of  the  line,  then 

2E  E 


Conductor  resistance  = 


c.  +  a^c.-hc/ 


2 
that  is  to  say,  it  equals  the  electromotive  force  of  the  battery 
divided  by  the  arithmetic  mean  of  the  sent  and  received  currents^ 
a  fact  which  was  first  pointed  out  by  Mr.  A.  Eden.* 
It  is  also  evident  that  since  from  [A] 

c.  +  c,  =  J. 

therefore  C,  +  Cr  must  be  of  constant  value  if  the  conductor  resist- 
ance Bi  and  the  electromotive  force  E  remain  unaltered. 

To  Determine  the  Insulation  Besistance  of  a  Line  when  the 
Strengths  of  the  Sent  and  Beceived  Currents  are  known. 

601.  This  may  be  arrived  at  as  follows :  Beferring  to  Fig.  203, 
we  have 

^  +  17+7 

and 

r      P  ^1-  -    E(BH-/)      _J__  _        E/ 
*^'  =  ^'  B,  +  /  ~  Bi  (Bi  +2/)  •  Bj  +/  -Bi(B,  +  2/) ' 
therefore 

C  -C  -^(?_+/L  E/         _        E 

'^-      ^'  -  B,  (B,  +  2/)  ~  B,  (Bi  +  2/)  -  El  +  2/' 

•  '  Electrical  Beview,'  Jan.  ISth,  1892. 
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therefore 

E  =  Bi(C.-C,)  +  2/(C.-C,), 
therefore 


c.-a 


/  -  Kc.  -  a  "  ^v  -  "2^  (r, (c.  -  a) "  v* 

If  now  C  is  the  ourrent  flowing  out  to  line  when  there  is  no 
leakage,  then 


80  that 


«  =  2|'     -     |  =  =^«' 


^       2  VC.  -  C,        / 


Or,  if  we  call  R'  the  resistance  of  the  whole  length  of  circuit,  then, 
since 

R'  =  2B„ 
we  get 

J    4  vc.  -  a    ) 

Or,  preferably,  for  convenience  of  oalcnlation  when  G,  —  C,  is  the 
only  variable. 

Also  since  (page  554) 


therefore 
therefore 


or 


but  since 


B,+/      C.' 
C./  =aRx  +  0,/, 
aR/=/(C.-C.), 

p  -  ^c.  -  c, . 


B.=      ^ 


o.  +  c. 
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therefore 

or 

Eg  Eg 

^  -  (g  -  g)  eg  +  g)  -  g-^  -  g^' 

602.  Supposing  now  we  wished  to  know  what  would  be  the 
resistance  of  the  line  (Fig.  203)  measured  from  one  end  with  the 
further  end  disconnected,  the  resistance  R^  +  /  in  fact.  We  have 
then 

R  .  ^.     E     .  Eg  _     E    r        g  i 

«i  +  /  -  g  +  g  -<■  (0.  -  g )  (g  +  g)  -  g  +  g  [^  +  g  -  gj 

E        _g Eg  J-.-. 


g  +  g'^  g-g    c;^-g» 

603.  This  result  may  also  be  arrived  at  in  the  following 
manner : — 

The  further  end  of  the  line  being  to  earth,  and  I  being  the 
length  of  the  line,  we  have  from  equation  [2],  page  480,  by 
putting  a;  =  Z, 

Current  sent  =  g  =  -  [ A  e"^  -  B  e— '] ; 
and  from  the  same  equation  by  putting  a;  =  0, 

Current  received  =  C^  =  —  [A  —  B] ; 

therefore 

g      Ae-^-^Be-^ 
g  "       A  ^  B       ' 

but  from  equation  [4],  page  481,  we  have 
<r h  1 


therefore 


(T —   ^    1 

r 

C,  ~  2      • 
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by  inserting  the  value  of  e"*,  «"■",  and  — ,  given  by  equations  [10] 
and  [13],  page  484,  we  get 


VRM-Js/  R.  (a  _    ,    A  _      /VR;-VR./      <r         ,    ^\ 
C.  _  V   VR,  -  VR.VVr:r,  "^    )     ^y  :^Il,+  ^R.WR.R,        / 

c; 2 

^  (v^w^)(^;  j^  + 1)  -ur;-vr:)(;^-i) 

2  VR,  -  R, 

V  R,  -  R.        V  R,  -  "R.  ^\   ^^J 

The  value  of  R<,  although  it  oould  be  determined  from  this 
equation,  would  be  represented  by  a  somewhat  complex  fraction ; 
if,  however,  we  have  o-  =  0,  we  then  get 

c:  =  v-r7^r;  "'•  ^'=^'cF^^-      [B] 

In  which  equation,  G,  and  C^  (being  in  the  form  of  a  pro- 
portion) may  be  measured  in  amperes  or  milliamp^res,  or  indeed  in 
any  multiple  or  submultiple  of  an  ampere. 

For  example. 

The  resistance  of  a  line  when  to  earth  at  the  further  end  was 
1600  ohms  (B>).  The  strengths  of  the  sent  and  received  currents 
were  2  •  8  and  2  •  6  milliamperes  respectively.  What  would  be  the 
resistance  of  the  line  if  the  jfurther  end  were  insulated  ? 

E<  =  1500  2^2^72 '62  "=  l^i^^S  ohms. 

The  measurement  of  the  received  current  would  have  to  be 
made  by  means  of  a  low  resistance  galvanometer  in  order  to 
avoid  the  introduction  of  the  quantity  o-  into  the  formula. 

It  may  be  remarked  that  the  equation 

^.^_Vr7      /     ^x 

a    vrt-r.   v  +  R,-' 

cannot  be  arrived  at  on  the  basis  represented  by  Fig.  203. 
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Since 

C.  =  g- ,    or,    B.  =  ^  , 

therefore  from  equation  [B]  we  get 

which  corresponds  with  eqnation  [A],  page  557. 

604.  Having  obtained  B<,  the  instdation  per  mile  could  be 
obtained  in  the  manner  shown  da  page  541,  §  595 ;  a  simpler 
method  of  doing  this  is  the  following : — 

^•  =  R/    "'    ^-  =B?' 

by  Bnbstitnting  this  value  in  equation  [B]  (page  558)  we  get 
P       E^ . 

^'-R.CcT'-a^)' 

also,  from  equation  [A],  page  541,  we  liave 

.  R,  ir 

•  =  R,y,    or    R<  =  jj-» 

where  t  is  the  true  insulation  resistance  per  mile  of  the  line,  and  r 
its  trae  conductor  resistance  per  mile ;  therefore 

ir  W  .  E^ 

or    •  = 


in  which  C,  and  C,  are  in  amperes,  E  in  volts,  and  %  and  r  in  ohms. 
If  C,  and  C,.  are  measured  in  milliamp^res^  then  we  have 

.      (E  xJOOOy  _  E^  X  1,000,000 

•  =  r  (C.2  -  0,2)  -    r  (0.2  -  0,2)   ^^"^«- 

For  example. 

The  strengths  of  the  sent  and  received  currents  on  a  line  were 
12  and  10  milliamperes  respectively,  the  sending  battery  being  a 
10-cell  Daniell  (10  volts  approximately) ;  the  line  had  an  average 
estimated  conductor  resistance  of  14  ohms  per  mile.  What  was 
the  insulation  per  mile  of  the  line  ? 
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EiBOHOFF*s  Laws. 

605.  These  laws  are  two  in  number ;  the  first  is : — 

The  algebraical  $um  of  the  current  etrengthe  in  aU  thaee  wires  which 

meet  in  a  point  ie  equal  to  nothing. 

The  truth  of  this  law  is  almost  obvions ;  thns,  if  we  have, 

say,  five  wires  meeting  in  a  point,  as  shown  by  Fig.  204,  then 


Fia.  204. 


as  the  point  A  cannot  be  a  reservoir,  the  sum  of  the  currents 
Ci,  Cj,  approaching  A  must  equal  the  sum  of  the  currents  C3,  c^,  C5, 
receding  from  A,  that  is 

<?!  +  Ca  =  C3  +  C4  +  C5, 
or 

C,  +  ^2  -  C3  -  C4  -  C5  =  0. 

It  may  be  as  well,  perhaps,  to  point  out  that  although  the 
quantities  c,,  c,,  C3,  c^,  c^,  are  partly  positive  and  partly  negative, 
yet  they  together  constitute  an  algebraical  "  sum,"  for  the  equation 
may  be  written 

ci  +  c^  +  (-  <^3)  +  (-  O  +  (-  C5)  =  0 ; 

the  quantities  c,,  C4,  and  c^,  in  fact,  are  negative  because  the 
currents  they  represent  flow  in  the  opposite  direction  to  the 
currents  c„  c,.* 

606.  The  second  law  of  KirchoflF  is  as  follows : — 

The  algebraical  sum  of  all  the  products  of  the  current  strengths 
and  resistances  in  all  the  wires  forming  an  enclosed  figure^  equals  the 
algebraical  sum  of  all  the  electromotive  forces  in  the  circuit. 

The  truth  of  this  law  follows  as  a  consequence  from  the  laws 
investigated  on  pages  328-331 ;  viz. : — 

(A)  The  difference  of  the  potentials  at  two  points  in  a  resistance  {in 

*  It  IB  important  that  algebraical  sum  should  not  be  confounded  with 
%rithmetical  sum ;  the  lattor  signifles  a  number  of  quantities  connected  by  plus 
signs,  whilst  in  the  former  the  signs  may  be  partly  negative  and  partly  positive, 
or,  indeed,  all  negative.  As  a  rule,  when  the  word  '*sum"  is  used  in  stating 
a  law,  it  is  the  a^obraical  sum  which  is  meant. 
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which  no  electromotive  force  exists)  is  equal  to  the  product  of  the  current 
and  ike  resistance  between  the  two  points, 

(B)  The  difference  of  the  potentials  at  two  points  in  a  resistance  in 
which  an  electromotive  force  exts!Sj  is  equal  to  the  product  of  the  current 
and  the  resistance  between  the  two  points  added  to  the  electromotive  force 
in  the  resistance,  this  electromotive  force  being  negative  if  it  acts  with  the 
current,  and  positive  if  it  opposes  it. 

If  we  refer  to  Fig.  206,  and  we  consider  any  closed  circuit  in  it, 
then  we  can  see  that  the  sum  of  the  dififerenoes  of  the  potentials 


Fig.  205. 

between  the  points  in  that  circuit  must  be  equal  to  0 ;  thus,  for 
example,  if  we  take  the  closed  circuit  formed  by  the  sections  A  B, 
B  C,  C  D,  D  A,  then  it  is  evident  that 

(Vx  -  V,)  +  (J2  -  Va)  +  CV3  -  V,)  +  (V,  -  VO 
is  the  same  as 

Vi  -  V,  +  V,  -  V,  +  V3  -  V3  +  V,  -  v„ 

which  equals  0. 

Now  from  laws  (A)  and  (B)  we  have 

Vi  -  Vi  =  C  B  -  e 
V,  -  V,  =  Cs's 

V4  —  Vi  =  —  Cjrj    ; 

therefore,  by  addition,  we  get 

C  B  —  6  +  C3  r3  —  C4  r^  +  E  —  Cj  fj  s=  0 ; 
or 

C  B  +  c^r^  -  c^r^  -  Cjjrj,  =  e  -  E, 

which  proves  the  law. 

*  These  quantities  are  negaiire  because  the  currents  e^  and  ^  flow  in  the 
reverse  direction  to  the  currents  C|  and  e,. 

2  o 
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As  in  th«  oaae  of  Eirohoff'8  fint  law,  we  have  in  the  last 
equation,  dIjfAraieal  sums,  for  thia.equation  may  be  written : 

0  B  +  c,r,  +  (-  etrt)  +  (-  e^r^)  =  «  +  (-  E); 

C4,  «y  and  E,  in  faot,  are  negative,  beoaoae  the  onrrents  in  the 
aections  (C  D  and  D  A)  in  which  theae  quantities  oooor  are  in  the 
revene  direction  to  tiie  correnta  in  the  other  sections  (A  B  and 
BO). 

Pollabd's  TaaoBKif. 

607.  Let  £  (Fig.  206)  be  a  battery  of  internal  resistance  r, 
which  is  shunted  by  a  shunt  S  and 
is  in  circuit  with  a  resistance  B,  then 
current  through  battery  is 


E 


r  + 


E  (S  +  B) 
~Sr  +  Br+SB 


Fio.  a06. 


SB 
S  +  B 

E(S  +  B) 
-Sr  +  B(S  +  r)' 

and  current,  G,  through  B,  is 

S  +  B 

S 


g_      E(S  +  B) 


ES 


E 


S  +  r 


Sf  +  B(S  +  f)~    Sr 


S  +  r 


+  B 


[A] 


that  is  to  say,  a  battery  E,  having  a  resistanoe  r  and  shunted 
by  a  shunt  S»  is  equivalent  to  a  battery  of  electromotive  force 

E  -r— — ,  and  internal  resistance  ^  .     • 

S+r  S+r 

608.  Now  if  we  call  e  the  electromotive  force  of  the  shnnted 
battery,  then  we  have 

e  =  E,  ^ 


or 


er  = 


that  is. 


«:E: 


'S+-r' 

.    Sr 

'S+~r* 

Sr 


■a  + 
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It  follows,  therefore,  from  the  theorem,  that  the  original  electro- 
motive force,  E,  ie  to  the  reduced  electromotive  force,  e,  in  the 
ratio  of  the  original  resistance  of  the  battery  to  the  shunted 
resistance  of  the  same. 


A  Method  of  Measuring  the  Besistance  of,  and  the  Current 

FLOWING  through,  ElECTRIC   LaMPS   WHEN  BURNING. 

609.  This  method  is  an  adaptation  of  the  methods  given  on 
page  348,  §  383,  and  page  420,  §  475,  and  is  as  follows : — 

A  resistance,  R  (fig.  207),  is  in- 
serted in  the  circuit  of  the  lamp  whose 
resistance  is  to  be  measured,  and  then 
the  potential,  V,  between  the  points, 
A  and  B,  is  measured.  A  similar 
measurement  is  then  taken  of  the 
potential,  Y^,  T)etween  the  terminals, 
C  and  D,  of  the  lamp.  We  then 
have — 

V 

H/    —    X»     y 

For  eocample. 

Suppose  the  resistance,  B,  were  1  ohm.  and  suppose  that  the 
discharge  deflection  obtained  by  the  condenser  from  the  points 
A  and  B,  were  250  divisions,  there  being  no  shunt  to  the  galvano- 
meter ;  also  suppose  that  the  discharge  deflection  obtained  from 
between  the  points,  C  and  D,  were  260  divisions,  the  galvanometer, 
whose  resistance  was  6100  ohms,  being  shunted  with  a  shunt  of 
200  ohms ;  then  we  have 

V  =  250, 

XT        «^^       6100  +  200       ^,^^ 
^^  =  ^^Q^         200         =^^^^> 

therefore 

8190 
a;  =  1  X  -ogQ-  =  32-8  ohm». 

If  the  discharge  given  by  a  Daniell  cell  were  140,  then  we  should 

have — 

250 
Electromotive  force  between  A  and  B  =  1*08  x  rrx  =  'l'^3. 

140 

2  o  2 
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The  oarrent  flowing,  therefore,  equals 

1*93 

-— —  SB  1«98  ampires. 

In  oaaee  where  the  oarrent  is  powerful,  and  where  it  is  not  advisable 
to  introduoe  so  high  a  resistance  as  1  ohm  into  the  oirciiit,  B  oould 
be  made,  say  i^^  th  of  an  ohm. 


USABUBKMINT  OF  TBI  INSULATION  BeSISTANGE  OF  A  UYS 

Elbciric  Light  Installation. 
BttSBeWt  Method. 

610.  This  is  a  very  simple  method.  First  measure  the  potential 
difference  Y  between  any  point  in  the  installation  and  earth,  then 
oonneot  that  point  to  earth  through  a  very  high  resistance,  B^, 
this  resistanoe  being  preferably  approximately  equal  to  the  esti- 
mated insulation  resistanoe,  B,  of  the  installation ;  again  measure 
the  potential  difference  between  the  point  and  earth,  let  this 
beVi. 

Now  the  combined  resistance  of  B  and  B^  is  obviously 

BBg 

B  +  Bi* 
and  the  values  of  V  and  Y^  must  be  in  the  inverse  proportion  of 


therefore 

or 
that  is. 


^•^^•'B  +  B,-"' 

^-^^B  +  B/ 
VB  +  VBi  =  ViBi, 


The  measurement  of  the  potentials  V  and  Yj  must  be  effected  by 
means  of  a  condenser  (page  820,  §  346)  or  an  electrometer,  it 
cannot  be  done  by  means  of  a  galvanometer  connected  direct 
between  the  points  and  earth,  since  the  galvanometer  will  act 
itself  as  a  leak,  and  thereby  alter  the  values  of  the  potentiala. 
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A  Hetrod  op  Testing  Batteries. 

611.  In  making  tests  of  batteries  wliioh  are  required  to  give  a 
large  onrrent  through  a  low  resistance,  it  is  often  found  impossible 
to  determine  the  exact  amount  of  current  flowing  by  the  direct  use 
of  an  **  ammeter/'  as  the  resistance  of  the  latter,  although  low,  may 
still  be  sufficiently  great  to  materially  reduce  the  current  which  the 
battery  is  intended  to  give  out.  This  difficulty  may  be  oyeroome 
by  the  following  arrangement,  devised  by  Mr.  I.  Probert  for  testing 
the  value  of  batteries  specially  designed  for  working  small  incan- 
descent lamps.* 

The  battery,  B  (Fig.  208),  to  be  tested,  is  joined  up  to  the 
lamp,  I  (which  has  a  **  voltmeter,"  Y,  across  its  terminals),  the 


1     n 

E_E_ZE 

Fia.  208. 

switch,  S,  being  turned  to  the  position  shown.  Under  these  con- 
ditions the  battery  works  direct  on  to  the  lamp,  which  glows  at  its 
fall  brilliancy,  and  the  voltmeter,  Y,  gives  the  potential  or  voltage 
between  the  lamp  terminals.  In  order  to  determine  the  current,  the 
switch,  S,  is  turned  to  the  position  shown  by  the  dotted  lines ;  this 
brings  into  circuit  the  auxiliary  battery,  Bj  (preferably  a  set  of 
accumulators),  the  ammeter,  A,  and  the  electrolytic  cell,  £,  this  cell 
consisting  of  2  copper  plates  in  a  sulphate  of  copper  solution.  The 
current  from  B,  although  reduced  by  the  resistance  of  the  ammeter, 
is  reinforced  by  the  auxiliary  battery,  B^,  and  by  adjusting  the 
distance  between  the  plates  in  the  electrolytic  cell  the  current  can 
be  adjusted  to  the  greatest  nicety  until  the  deflection  on  Y  is  the 

•  <  EleotrioBl  Reviow,'  Maidi  6ih,  1891. 
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same  aa  it  waa  previonB  to  the  turning  of  the  switch,  8,  henoe  the 
ammeter,  A,  now  shows  the  current  which  under  the  latter  oon- 
ditions  was  flowing  through  B.  The  observation  being  taken  on 
A  the  switch,  S,  is  turned  back  again  to  the  position  shown,  and 
the  battery,  B,  continues  to  work  under  the  practical  conditions. 

A  Method  of  Measuriko  Low  Bbbistances. 

612.  This  method  is  merely  an  adaptation  of  the  method  given 
on  page  420,  §  475,  and  is  shown  in  principle  by  Fig.  209. 

E  is  a  single  Daniell  cell,  B  a  resistance  of  1  ohm,  and  B  C  the 
resistance,  x,  to  be  measured.    Between  B  and  C  a  Thomson  galva- 
nometer (t>age  48)  in  circuit  with  a 
resistance  is  connected. 

Now,  taking  the  resistance  of  the 
cell  £  to  be,  say,  4  ohms,  then  if  a?  be 
1-^th  of  an  ohm,  the  potential  be- 
tween B  and  G  will  be  approximately 
T^th  of  a  volt,  and  ^e  potential 
between  A  and  B,  ^th  of  a  volt,  con- 
sequently if  we  can  measure  these 
two  potentials  accurately  we  oan  de- 
termine the  value  of  a  resistance  of 
t4  gth  of  an  ohm  to  an  equal  degree  of  accuracy.  Now  a  Thomson 
galvanometer,  wound  to  about  5000  ohms  resistance,  will  give  a 
deflection  of  100  divisions  with  one  Daniell  cell,  there  being  in 
circuit  a  total  resistance  of  10,000,000  ohms.  If  there  be  no  re- 
sistance in  the  circuit  beyond.that  of  the  galvanometer  itself  (5000 
ohms)  the  deflection  would  be 


Fio.  209. 


100  X 


10,000,000 
5000 


=r  200,000  divisions. 


representing  an  electromotive  force,  or  potential,  of  1  volt  approxi- 
mately;  hence  200  divisions  would  represent  a  potential  of  y^^^^th 
of  a  volt.  We  can  easily,  therefore,  measure  a  potential  of  7^^^ th 
of  a  volt 

In  order  to  make  a  measurement  we  should  proceed  as 
follows : — 

The  battery,  resistances,  etc.,  being  connected  up  as  shown  in 
Fig.  209,  and  the  shunt  being  removed  from  the  terminals  of  the 
galvanometer,  the  resistance  in  circuit  with  the  latter  must  be 
varied  until  a  good  deflection  (about  300  divisions)  is  obtained. 
Let  di  be  thi«  deflection,  and  h't  G  and  Rj  bo  the  resjKJCtive  re- 


Digitized  by 


Google 


MISCELLANEOUS.  567 

sistanoes  of  the  galvanometer  and  the  reeistanoe  in  cironit  with 
the  latter ;  then  if  v^  be  the  difference  of  potential  between  B  and 
G,  the  onrrent  c^  flowing  through  the  galvanometer  will  be 


c,  = 


B,  +  G 


The  galvanometer  and  the  resistance  in  its  cironit  are  now  dis- 
connected from  B  and  C,  and  are  connected  to  A  and  B,  the  -njW^^ 
shnnt  being  joined  np  to  the  terminals  of  the  instrument.  The 
resistance  in  its  circuit  is  then  varied  until  a  deflection  d^,  approxi- 
mately the  same  as  di^  is  obtained ;  then  if  B,  be  this  resistance, 
and  if  v^  be  the  potential  between  A  and  B,  and  farther  if  c^be  the 
current  producing  the  deflection  d^^  we  have 

v^  1 

^^"Bj+^^1000* 

where  g  is  the  combined  resistance  of  the  galvanometer  and  shunt. 
We  have  therefore 

Ci  _  (Ba  +  y)1000  ^v^^ 

but 


or 


and  as 


or 


we  get 


Ca 

-     (B,  +  G)     - 
«i  :  ^2  : :  o; :  B, 

c,  :  0,  ::  dj  :  d,, 
Cl        d, 

—  f 
»2 

d^ 

(B,  +  ?)1000 

X 

d. 

-      (Ei  +  G)      ^ 

E' 

or 

^_p      (Rj  +  G)        d, 
(IL^  +  g)1000'  d^' 

For  example. 

The  deflection  obtained  between  the  points  B  and  C  was  equal 
to  320  divisions  (di),  there  being  a  resistance  of  8000  ohms  (B^) 
inserted  in  the  circuit  of  the  galvanometer.     When  the  latter  was 
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oonneoted  between  A  and  B,  the  t^^tt^^  shunt  was  inserted, 
together  with  a  resistance  of  1200  ohms  (Rj):  the  deflection 
obtained  was  then  eqnal  to  310  divisions  (d^).  The  resistance  of 
the  galvanometer  was  5000  ohms  (G),  and  the  resistance,  B,  1  ohm. 
What  was  the  value  of  a;  ? 

(1200  +  6)  1000     310 

We  are  not,  of  course,  necessarily  bound  to  use  the  nArv^  shunt, 
but  in  practice  it  would  almost  always  have  to  be  employed. 

613.  The  degree  of  accuracy  with  which  the  test  could  bo 
made  would  depend  entirely  upon  the  values  of  the  deflections  d^ 
and  d^ :  and  as  we  should  endeavour  to  make  them  both  as  high 
as  possible,  that  is  to  say,  both  as  nearly  equal  as  possible,  the 

£  200 
"  Percentage  of  accuracy  "  would  practically  be  — -j — ,  where  S  is 

di 
the  fraction  of  a  division  to  which  each  of  the  deflections  could 
be  read. 

Note  on  the  Measurement  of  Bbsistance. 

614.  Dr.  W.  W.  Waghorn  has  pointed  out  *  that  in  the  case  of 
a  measurement  made  in  the  general  manner  indicated  in  the  fore- 
going test,  the  deflections  obtained  on  the  galvanometer  when  it 
in  joined  first  between  B  and  C  and  then  between  A  and  B,  will 
directly  indicate  the  relative  values  of  x  and  B,  no  matter  tohether 
the  galvanometer  ha$  a  high  or  a  low  rengtaneej  that  is  provided 
the  battery  E  has  a  negligible  resistance.  This  may  be  proved 
as  follows : — 

Beferring  to  Fig.  209  and  assuming  that  the  galvanometer 
is  joined  direct  between  B  and  C,  then  the  current,  G^,  flowing 
through  G  will  be 

Q   _  E  X "Ejc 

^       i>  .     ^«        G  +  a;  ■"  BG+Ba;  +  G« 

^  +  gT^ 

Ex 

G(B  +  a;)+  Bo?* 

If  now  the  galvanometer  is  placed  between  A  and  B,  i.e.  if  B  and 
X  change  places,  then  the  current,  C,,  flowing  through  G  will  be 

EB 

♦  '  rhilosnpUical  Magazine/  April  1881), 
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but  the  denominators  of  the  fraction  in  both  cases  are  the  same, 
hence 

that  is,  X  and  B  are  directly  proportional  to  the  cnrrent  flowing 
through  the  galvanometer  in  the  two  cases. 


Direct  Beadino  Potentiometer. 

615.  This  instrument,  manufactured  by  Messrs.  Elliott  Bros., 
and  shown  in  general  view  by  Fig.  210,  can  be  used  for  measuring 
either  **  Current,"  "  Electromotive  Force,"  or  **  Besistance." 


Fio.  210. 

The  measurement  of  current  consists  in  determining  the  exact 
difference  of  potential  in  volts  between  the  terminals  of  a  resist- 
ance whose  value  is  known  in  ohms,  and  through  which  the 
current  to  be  mea>ured  is  passing,  the  value   being  given   by 

E 
Ohm's  law,  C  =  yr . 


K 
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The  meaturemeni  of  ehdromoHve  force  oonnsts  in  its  oompartson 
either  directly  against  that  of  a  standard  cell,  if  a  value  of  some- 
what the  same  order  is  under  test — that  is  to  say,  not  exceeding 
1  *  5  Yolts  (an  example  given  later  explains  this)— or,  in  the  ease 
of  high  electromotive  forces,  in  applying  the  pressure  to  the  two 
ends  of  a  high  resistance  divided  in  some  known  proportion  or 
ratio,  BO  that  the  current  flowing  through  the  total  resistance 
may  cause  a  fall  of  potential  over  a  fractional  part  of  it  to  be 
oomparable  with  the  E.M.F.  of  a  standard  cell,  and  this  com- 
parison being  determined  by  the  potentiometer,  the  value  of  the 
whole  E.M.F.  under  test  may  be  given  in  terms  of  this  comparison, 
multiplied  by  the  ratio  into  which  the  resistance  is  divided. 

In  practice,  a  resistance  box  is  so  adjusted  that  electromotive 
forces  of  15,  150,  300,  and  600  volts,  or  any  intermediate  value, 
can  be  measured  by  choosing  the  proper  terminals  on  it. 

The  meamremeni  of  reiUtance  is  effected  by  placing  the  resist- 
ance to  be  tested  in  series  with  a  resistance  of  known  value,  and 
then  passing  a  constant  current  through  the  two  of  them  in 
series,  wires  being  led  from  their  terminals  to  the  potentiometer. 
The  fall  of  potential  across  the  unknown  one  can  be  determined 
in  terms  of  the  fall  across  the  standard ;  and  the  current  through 
the  two  being  the  same,  the  resistance  values  are  exactly  propor- 
tional to  these  falls  of  potential. 

In  the  instrument,  the  measurements  and  comparisons  are 
effected  by  opposing  the  electromotive  force,  or  potential  differ- 
ence, which,  as  it  will  be  seen  above,  is  the  value  dealt  with  in 
each  case,  against  the  potential  difference  which  exists  between 
two  points  on  a  suitably  arranged  and  divided  wire,  by  virtue  of 
a  constant  current  passing  continuously  through  the  whole  length 
of  this  wire.  A  galvanometer  placed  as  an  indicator  in  the  con- 
nection between  the  two  opposing  electromotive  foi-ces,  serves  to 
show  which  is  the  greater,  and,  when  no  deflection  is  obtained,  it 
shows  that  the  opposing  forces  are  equal  in  value,  and  therefore 
balanced.  As  it  is  impracticable  to  use  a  standard  cell  to  famish 
current  uniformly  through  the  divided  wire,  an  accumulator  cell 
is  emplo}  ed,  suitable  resistances,  in  the  form  of  rheostats,  being 
placed  in  series  with  the  divided  wire,  the  adjustment  of  thede 
permits  of  any  fraction  of  the  E.M.F.  of  the  accumulator  cell 
being  applied  to  the  divided  wire  itself. 

The  divided  wire  in  the  instrument  is  formed  of  149  sections, 
each  about  3  inches  in  length,  and  they  are  all  adjusted  so  as  to 
be  absolutely  equal  in  resistance  one  to  the  other.  The  slide 
portion  of  the  wire  E  M  (Fig.  211)  is  extremely  short,  as  can  be 
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seen  in  Fig.  210.  Ineqiialities  in  the  drawing  of  this  wire  are 
compensated  for  by  dividing  the  scale,  over  which  arm  L  travels, 
so  that  the  individual  divisions  of  the  divided  wire  B  B  B  are 
exactly  multiplies  of  the  divisions  on  the  scale.  Thus  for  example, 
the  fall  of  potential  over  140*7  sections  of  the  divided  wire  is 
exactly  five  times  that  over  28  divisions  of  this  wire,  and  14  divi* 
sions  on  the  scale. 

Beferring  to  Fig.  211,  A  B  are  two  terminals,  to  which  the 
working  battery— i.e.  one  accumulator  cell — should  be  attached. 


Fig.  211. 


At  C  is  a  small  faze,  which  serves  to  protect  the  slide  wire  from 
injury  should  too  high  an  E.M.F.  be  applied  to  A  and  B  by 
accident. 

D  E  are  the  galvanometer  terminals,  and  across  these  is  con- 
nected a  short-circuit  key  X,  which  in  its  normal,  or  free,  position 
keeps  the  galvanometer  short-circuited,  and  thus  protected  against 
violent  deflections.  A  d'Arsonval  galvanometer  (page  68)  should 
always  be  employed  in  all  these  tests. 

F,  G,  F„  G„  Fj,  G.j,n  &t5.,  are  the  terminals  to  which  wires 
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leading  to  the  Tarions  aonroee  of  potential  differenoes  to  be  com- 
pared should  be  attached.  A  multiple  double  pole  switch  Y 
permits  of  the  two  common  bars  H  and  I  being  connected  to  any 
pair  of  these  terminals  at  will. 

The  divided  wire  B  B  B  is  laid  round  in  a  circular  position, 
and  divided  in  149  parts  of  equal  resistances,  small  contacts  being 
placed  at  each  of  these  149  points.  The  whole  of  this  part  of  the 
divided  wire,  which,  of  course,  is  the  essential  part  of  the  whole 
apparatus,  is  perfectly  protected  from  mechanical  injury  bj  being 
inside  the  case. 

One  extremity  N  of  this  wire — at  the  149  contact — ^is  con- 
nected  to  O,  a  small  fine  adjustment  rheostat,  and  thenoe  to  P 
and  Q,  to  other  adjustable  rheostats  in  series,  these  being  so  pro- 
portioned that  the  total  resistance  value  of  0  is  rather  greater 
than  that  of  one  section  of  F,  and  so  that  the  total  value  of  all 
the  sections  of  F  are  slightly  greater  than  that  of  one  section 
of  Q.  F,  Q,  and  0  are  not  adjusted  to  any  definite  values — ^they 
serve  simply  as  adjustments.  In  practice,  Q,  F,  and  0  has  a  total 
resistance  of  200  ohms  approximately.  The  divided  wire  itself, 
B  B  B,  has  a  total  resistance  of  about  30  ohms.  One  end  of 
rheostat  Q  is  joined  to  terminal  B.  The  other  extremity  of  the 
wire  B  B  B  is  taken  up  through  the  top  of  the  instrument  at  E, 
where  it  is  led  round  a  curved  segment,  and  where  the  moving 
contact  arm  L  can  travel  over  it.  A  scale  is  fixed  to  the  top  of 
the  instrument,  and  a  pointer  is  attached  to  L,  so  that  when  the 
moving  contact  is  on  the  stud  E,  the  pointer  attached  to  the  arm 
L  stands  at  zero  on  the  scale.  When  the  arm  L  is  moved  till  the 
pointer  stands  at  the  figure  10,  then  the  moving  contact  has 
passed  over  a  length  of  the  divided  wire  exactly  equal  in  resist- 
ance to  any  of  the  other  149  sections  between  K  and  N. 

A  contact  J  can  travel  round  the  circle  of  the  divided  wire 
and  make  contact  with  any  of  the  149  small  contacts  fixed  to  it. 
This  contact  J  is  attached  to  a  large  toothed  wheel,  the  edges 
of  which  can  be  seen  io  Fig.  210  on  the  right  and  left  of  the 
instrument.  This  afibrds  a  ready  means  of  shifting  the  position 
of  contact  J,  and  its  position  with  reference  to  N  and  K  can  be 
seen  through  a  small  window  in  the  front  of  the  instrument, 
through  which  a  number  shows  corresponding  to  the  number  of 
the  contact  on  which  J  lies ;  a  device  is  provided  to  cause  J  to 
make  contact  definitely  on  either  one  or  other  of  any  pair  of 
adjacent  contact  studs  on  the  divided  wire.  A  wire  is  led  from 
J  to  one  on  the  galvanometer  terminals  E. 

The  travelling  contact  on  arm  L  is  connected  through  a  small 
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key  W  to  the  bar  of  the  multiple  switoli,  the  other  bar  H  being 
connected  to  the  seoond  galvanometer  terminal  D. 

The  key  is  provided  with  a  small  clamping  device,  so  that  it 
can  be  kept  down  if  desired,  and  the  galvanometer  deflections 
manipulated  with  key  X.  Care  must  be  taken  that  no  source  of 
E.M.F.  is  attached  by  mistake  to  terminals  F,  G,  &o.»  as,  in  the 
event  of  key  W  being  clamped  down,  and  switch  V  being  in  these 
terminals,  a  comparatively  powerful  current  might  flow  through 
the  galvanometer  and  the  slide  wire,  prolxibly  damaging  both. 
Key  W,  therefore,  should  only  be  clamped  down  when  making  a 
series  of  tests  where  there  is  no  chance  of  a  wrong  connection 
having  been  made  outside  the  instrument. 

It  will  be  seen  that  there  exists  always  between  A  and  B  a 
closed  circuit  through  which  the  current  furnished  by  the  working 
battery  passes — from  A  through  C  to  M,  K,  B  R  R,  N,  0,  P,  Q, 
and  so  to  B.  This  circuit  is  of  variable  resistance,  owing  to  the 
adjustment  of  rheostats  O,  F,  and  Q ;  but  in  all  cases  the  whole 
of  the  wire  R  R  R  is  in  circuit. 

Besisiance  Meamrement. 

616.  Having  set  up  a  sensitive  galvanometer  in  any  convenient 
position,  place  the  potentiometer  on  a  steady  table,  and  carry 
wires  from  the  galvanometer  terminals  to  terminals  D  and  E  on 
the  instrument,  then  join  two  wires  coming  from  a  single  accumu- 
lator cell  to  A  and  B,  taking  care  to  keep  the  polarity  right,  as 
marked  on  the  instrument. 

Suppose  it  is  required  to  obtain  the  exact  value  of  a  resistance, 
which  is  known  to  be  nearly  1  ohm,  and  that  this  resistance  is 
capable  of  carrying  1  ampdre  of  current  without  heating ;  then 
connect  this  resistance  R.  (Fig.  212)  in  series  with  a  suitable 
resistance  whose  value  is  known  (R,),  and  across  the  two  in  series 
join  a  large  accumulator  cell — if  1  ampere  should  be  too  great  a 
current  to  put  through  R^and  R^  then  put  an  adjustable  resistance 
X  X  X  in  series  with  R.  and  R„  and  adjust  XXX  till  the  current 
through  the  circuit  has  a  convenient  value. 

It  should  be  borne  in  mind  that  the  greater  the  fall  of  potential 
obtained,  the  greater  the  degree  of  accuracy  in  making  the  test,  as 
a  larger  value  is  being  dealt  with,  and  therefore  a  small  percentage 
of  this  becomes  a  very  small  value  indeed. 

Having  arranged  the  resistances,  join  their  terminals  to  F  G 
as  shown. 

The  resistances  of  the  connecting  wires  W  W  W  W  between  the 
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iiiBtmineot  and  R«  and  R.  are  of  no  oonaeqnence  whatever,  as  the 
whole  method  ia  one  of  balancing  opposing  forcoH,  and  no  correnta 
will  flow  through  these  oonneoting  wires  W  W  W  W,  neither  is 
the  resistance  of  the  wires  forming  part  of  the  circuit  joining 
R.  and  R,  together,  and  to  the  rheostat  XXX  and  the  battery 
of  any  consequence,  exoept  inasmuch  as  it  varies  the  total  amount 
of  ouiTent  in  the  circuit,  and  hence  the  avumni  of  fall  of  potential 
dealt  with,  but  it  must  affect  both  R,  and  R.  equally. 

A  B  being  joined  to  the  working  battery,  and  current  flowing 
through  R,  and  R^  aU  is  ready  to  balance  up  and  make  a  test 


Fio.  212. 


For  simplicity's  sake,  assume  R^  to  be  1  ohm,  and  that  the 
current  be  roughly  1  ampere  through  it,  then  the  fall  of  potential 
across  it  will  be  about  1  volt;  now  this  is  practically  equal  to 
one-half  of  the  E.M.F.  of  the  working  battery  attached  to  A  B, 
so  that  for  a  balance  to  be  obtained,  J  (Fig.  211)  must  be  in  suoh 
a  position  that  the  fall  of  E.M.F.  on  each  side  of  it  is  about  equal. 

If  R,  (Fig.  212)  has  a  value  of  1,  then  it  is  convenient  to  set 
J  (Fig.  211)  BO  that  the  figure  100  appears  at  the  window,  and  to 
put  L  so  that  its  pointer  is  at  zero ;  L  is,  of  course,  only  a  fine 
adjustment,  and  may  be  left  out  of  consideration  altogether  if  a 
rou^h  test  only  is  wanted. 

Having  set  the  figure  100  at  the  window,  and  the  multiple 
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switch  y  BO  that  it  is  in  oonnection  with  the  terminals  F  G,  to 
which  are  attached  the  wires  leading  to  the  terminals  of  B„  the 
rheostat  Q  (Fig.  211)  should  be  adjusted  till,  on  closing  key  W 
and  pressing  down  key  X,  the  galvanometer  deflection  is  reduced 
as  small  as  possible;  then  rheostat  P  should  be  brought  into 
operation  to  still  farther  effect  a  balance,  and  finally  a  complete 
balance  can  be  obtained  by  adjusting  the  rheostat  0.  It  is 
obvious,  for  this  adjustment  to  be  of  any  use,  that  the  currents 
through  the  two  circuits  be  constant  throughout  the  tests ;  it  is 
therefore  always  advisable  to  connect  on  the  accumulator  cells 
shortly  before  beginning  to  test,  so  that  the  current  values  may 
have  time  to  settle  down. 

Having  obtained  a  balance  with  100  at  the  window,  and  the 
arm  L  at  zero,  release  key  W  and  move  the  multiple  switch  till 
it  is  in  contact  with  F,  G,  and  B,  (Fig.  212) ;  then  depress  key  W. 
Should  the  galvanometer  move  very  slightly,  then  move  arm  L 
round  by  hand,  or  by  means  of  the  fine  adjustment  screw,  until 
the  galvanometer  stands  at  zero  once  more ;  suppose  a  balance  is 
reached  with  L  at  1  *3,  then  the  value  of  B^  =  1  *0013  in  terms  of 
B^  Should  moving  L  to  the  left,  however,  increase  the  galvano- 
meter deflection,  then  the  large  toothed  wheel  must  be  moved  till 
99  is  at  the  window,  or  even  further,  and  the  final  balance  obtained 
by  adjusting  the  position  of  L.  Suppose  the  figure  97  shows  at 
the  window,  and  L  stands  at  8*4,  l^en  the  value  of  B,  in  terms 
of  B,  =  0*9784;  or,  assuming  B.  to  be  1  ohm,  then  B^  =  0*9784 
ohm. 

It  will  thus  be  seen  that  the  readings  can  be  very  quickly 
taken  with  great  accuracy,  as  in  practice  a  further  figure  than 
those  given  can  easily  be  read. 

It  is  advisable  always  to  move  the  multiple  switch  back  to 
F  G,  and  take  a  reading  on  B,  with  100  at  the  window  and  L  at 
zero,  in  order  to  see  that  no  alteration  has  taken  place  in  the 
balance  at  this  point  owing  to  variation  in  either  of  the  currents, 
due  to  heating  of  wires,  bad  connections,  or  the  Uke.  In  practice 
it  is  easy  to  make  a  large  number  of  tests  without  any  appreciable 
alteration  in  the  original  balance  taking  place. 

Any  alteration  must,  of  course,  be  compensated  for  by  a  small 
movement  of  rheostat  0 ;  or,  if  necessary,  by  rheostat  P  as  welL 

The  foregoing  describes  how  a  resistance  can  be  measured 
when  its  value  is  very  near  to  that  of  the  standard  with  which  it 
is  compared ;  but  suppose  B^  is  only  about  one-third  of  an  ohm, 
then,  keeping  the  original  conditions  of  balance,  the  figure  33 
must  appear  at  the  window,  and  the  arm  L  stand  about  3  for 
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R.  to  balance — in  other  words,  the  inatmment  beoomea  direct 
reading  in  terme  of  the  standard. 

Suppose  B^is  about  1*4  ohms,  then  140  must  appear  at  the 
window,  and  so  on. 

Suppose  R,  is  1  *  7  ohms,  or  in  fact  anything  over  1 '  5,  which, 
of  course,  is  the  highest  figure  obtainable  at  the  window  and  arm 
L,  then  either  a  2  ohms  standard  must  replace  the  1  ohm  standard 
at  B^  or,  if  R,  remain  1  ohm,  it  must  be  balanced  lower  down 
on  the  potentiometer-— say  60 — by  interposing  greater  resistances 
in  the  rheostats  P,  Q,  and  0  (Fig.  211)  ;  then,  assuming  a  balance 
on  R»  with  50  at  the  window  and  arm  L  at  zero,  if  R,  is  1-710 
ohms  it  will  balance  with  85  at  the  window  and  arm  L  at  5  on 
the  hoale. 

From  the  diagram  (Fig.  211)  it  will  be  seen  that  resistance  can 
always  be  added  outside  the  instrument  itself  between  terminal 
B  and  the  working  battery  should  rheostats  P  and  Q  not  afford 
range  enough  in  some  special  cases. 

Now  suppose  that  in  the  case  of  B,  we  have  a  resistance  which, 
instead  of  being  exactly  1  ohm,  has  a  value  of  0*9998,  and  it  is 
desired  to  get  the  value  of  B.  in  ohms.  All  that  is  necessary  is 
to  balance  R«,  in  the  first  instance,  with  99  at  the  window  and 
arm  L  at  9*8  ;  then, evidently,  the  resistance  which  would  balance 
with  100  at  the  window  and  arm  L  at  zero  would  be  accurately 
1  ohm. 

The  above  describes  how  single  ohms  can  be  compared.  It  is 
quite  obvious  that  half-a-dozen  1-ohm  resistances  could  be  joined 
in  series,  a  suitable  increase  in  the  battery  available  to  pass  current 
through  them  being  made,  and  wii*es  being  joined  to  the  other 
available  terminals  F,,  G,,  <&o.,  &c. 

A  test  can  be  run  round  the  set,  and  any  desired  one  chosen 
as  a  standard,  and  their  values  all  taken  out. 

For  measurement  of  lower  values — say  0  *  001  ohm,  the  method 
described  above  is  followed  out  exactly,  only  naturally  when  R, 
and  B.  (Fig.  212)  are  about  0*001,  a  much  larger  current  must 
be  employed  through  them,  and  special  care  taken  to  ensure  solid 
and  reliable  connections  for  the  main  cuirent,  and  suitably  dis- 
posed '< potential"  points  for  the  connection  of  wires  leading  to 
F,  G,  &c. 

Suppose  E,  to  have  a  value  of  O'OOl  ohm,  and  to  have  500 
amperes  through  it,  then  the  fall  of  potential  across  it  will  be 
i  volt. 

Balance  with  rheostats  P,  Q,  and  0  as  before,  with  100  at  the 
window  and  arm  L  at  zero ;  then  when  B,  is  connected  on,  if  balance 
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is  obtained  with  99  at  the  window  and  arm  L  at  8*1,  the  value  of 
B,  is  equal  to  0*0009981  ohm. 

This  measurement  is  made  with  accuracy  quite  equal  to  that 
of  the  tests  of  single  ohms,  as  it  is  the  falls  of  potential  which  are 
oompared,  and  not  the  resistances  themselves ;  but  the  resistances 
are  proportional  to  these  falls,  inasmuch  as  the  resistances  being 
joined  in  series,  the  same  current  passes  through  both. 


Current  Measurement 

617.  In  Fig.  213  the  working  battery  is  joined  to  A  and  B,  as 
in  the  previous  test,  a  standard  cell  is  joined  up  to  F  G,  through  a 
high  resistance  to  prevent  any  appreciable  current  being  taken  off 


Fig.  213. 

the  cell.  The  current  to  be  measured  passes  through  the  resistance 
standard  BB. 

First,  if  the  electromotive  force  of  the  standard  cell  be  assumed, 
at  the  temperature  at  the  time  of  test,  at  1*434  volts,  then  set 
figures  143  at  the  window,  and  arm  L  at  4  on  the  scale.  Bheoetats 
P,  Q,  and  O  must  be  manipulated  till  a  balance  is  obtained  on 
depressing  key  W,  when  the  multiple  switch  Y  is  on  the  terminals 
FG,  then  each  movement  of  the  toothed  wheel  means  0*01  volt, 
and  the  movement  of  arm  L  from  1  to  2  or  2  to  3  on  the  scale 
means  0*001  volt. 

The  fall  of  potential  across  resistance  BB  can  be  rapidly 
determined.     Suppose  the  current  is  about  600  amperes,  and  we 

2  p 
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know  the  value  of  BB  to  be  0*001  olim  exactly,  then  if  a  balance 
ia  obtained  with  the  multiple  switch  Y  on  F  G,  with  50  at  the 
window  and  arm  L  at  1  *  65  on  the  scale,  the  current  through  B  B 
is  equal  to  501  *  65  amperes. 

Suppose,  again,  that  the  current  is  about  1  ampere,  and  that 
we  know  the  value  of  B  B  to  be  1  ohm  exactly,  then,  the  potentio- 
meter being  balanced  as  before,  we  may  find,  when  the  multiple 
switch  y  is  put  at  F  O,  that  a  balance  is  obtained  with  101  at  the 
window  and  the  arm  L  at  3*65  on  the  scale — the  current  through 
B  B  is  then  equal  to  1  •01365. 

Eledromotive  Farce  MeoiuremeiU. 

618.  Fig.  214  shows  the  connections. 

The  working  battery  is  connected  to  A  B  as  usual,  the  standard 
cell  and  resistance  to  F  O. 


Fio.  214. 


The  small  separate  resistance  box  is  employed,  the  two  terminals 
marked  ^  Potentiometer  "  being  connected  to  F  O,  wires  attached  to 
the  source  of  electromotive  force  to  be  measured  being  connected 
to  terminals  on  this  box,  according  to  the  various  ranges  used.  The 
terminals  marked  ''Potentiometer"  have  between  them  a  small 
fractional  part  of  the  whole  resistance  in  the  box. 

Setting  the  figure  143  at  the  window,  and  arm  L  at  4  on  the 
scale  as  before,  when  a  balance  is  obtained  with  the  multiple  switch 
on  the  standard  cell  at  F  G,  then  each  movement  of  the  toothed 
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wheel  means  0-01  volt,  and  O'OOOl  corresponds  to  the  small  whole 
divisions  on  the  scale. 

Suppose  an  electromotive  force  of  aboat  100  volts  is  to  be 
measured,  the  positive  wire  should  be  joined  to  the  terminal 
marked  +  on  the  separate  resistance  box,  and  the  other  to  the 
terminal  marked  150.  Then,  having  balanced  as  above,  the  instru- 
ment is  direct  reading  in  volts,  that  is  to  say,  if  a  balance  is 
obtained  with  101  at  the  window  and  arm  L  at  5*3  on  the  scale, 
then  the  electromotive  force  under  test  equals  101*53  volts.  For 
readings  using  the + to  15  terminals  on  the  separate  resistance  box, 
the  readings  must  be  divided  by  10 ;  if  using  terminals  +  to  300, 
readings  must  be  multiplied  by  2 ;  if  using  +  to  600,  multiply 
by  4. 

Supposing  it  is  desired  to  determine  exactly  an  electromotive 
force  of  about  2*2  volts.  Obviously,  if  the  standard  cell  is 
balanced  with  143  at  the  window  and  4  on  the  scale,  the  range 
of  the  potentiometer  is  insufOicient  to  compare  this  directly.  If 
the  terminals  -|-  to  15  on  the  separate  resistance  box  are  used,  then 
the  electromotive  force  of  2*2  volts  would  balance  with  figure 
showing  at  the  window.  For  great  accuracy,  the  following  method 
may  be  adopted : —  « 

Connect  two  accumulator  cells  in  series  to  AB;  then  with 
switch  V  (Fig.  211)  on  FG,  corresponding  to  the  terminals  of 
the  standard  cell,  adjust  P,  Q,  and  0  so  that  a  balance  is  obtained 

with  71  at  the  window  and  arm  L  at  7  on  the  scale  ( = 

\    2 

0*71?].    Assuming  that  the  electromotive  force  of  the  standard 

is  taken  at  1*434  volts  at  the  working  temperature,  then  let  wires 
be  brought  from  the  source  of  electromotive  force  to  be  tested  to 
terminals  FG;  then,  if  a  balance  is  obtained  on  moving  the 
multiple  switch  to  FG,  with  111  at  the  window  and  arm  L  at 
4  on  the  scale,  the  value  of  the  electromotive  force  under  test 
=  1*114  X  2  =  2*228  volts;  that  is  to  say,  with  the  standard 
balanced  at  the  position  corresponding  to  half  its  value,  all  readings 
at  the  window  and  scale  must  be  double  to  obtain  correct  values 
in  volts. 

This  process  can  be  carried  further,  but  not  more  than  6  volts 
should  ever  be  applied  to  A  B. 


2  P  2 
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Tub  SiLVERTOWN  Compound  Key  for  Gable  Testing. 

619.  This  key,  designed  by  Mr.  J.  Rymer  Jones,  and  which 
is  in  general  use  in  the  testing  rooms  of  the  India  Rubber,  Ontta 
Fercha  and  Telegraph  Works  Company,  Silvertown,  is  an  ezoellent 
arrangement,  and  greatly  facilitates  the  execution  of  the  '*  Induc- 
tive capacity"  and  *' Insulation "  tests  of  insulated  wires  or  of 
cables ;  it  is  particularly  useful  when  a  large  number  of  wires 
have  to  be  tested.     The  apparatus  (Fig.  215)  consists  of  two  keys. 


Fig.  215. 

of  the  form  shown  by  Figs.  148  and  149,  pages  317  and  318, 
mounted  on  one  base. 

Supposing  the  connections  to  be  made  as  shown  by  the  figure, 
then  in  order  to  measure  the  '*  discharge "  from  the  cable,  levers 
C  and  D  are  set  in  the  positions  shown.  Lever  B  is  now  pressed 
to  the  left  so  that  its  projecting  piece  n  comes  in  contact  with 
lever  A ;  the  brass  tongue  of  lever  B  is  then  in  contact  with  b,  bo 
that  the  small  battery  (about  10  Daniell  cells),  whose  zinc  pole  iB 
joined  to  lever  B,  is  connected  to  the  cable.  If  now  lever  A  is 
pressed  over  to  the  right,  then  lever  B  is  also  moved  and  the 
tongue  of  the  latter  consequently  leaves  h  whilst  the  tongue  of  A 
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6oxnes  in  contact  with  a,  and  thus  puts  the  cable  in  connection 
•with  the  galvanometer.  As  the  second  terminal  of  the  galvano- 
meter is  connected  to  the  piece  c  d,  the  circuit  is  completed  to  earth 
through  d  and  the  tongue  of  lever  D. 

To  measure  the  discharge  from  a  condenser,  one  terminal  of  the 
former  would  be  connected  to  the  piece  a  h  and  the  other  terminal 
to  earth ;  the  manipulation  of  the  levers  would  of  course  be  the 
same  as  in  the  case  of  the  cable. 

To  take  the  "  Insulation  "  test  (page  408)  of  the  cable,  levers  A 
and  B  would  be  set  over  to  the  right  so  that  the  tongue  of  lever 
A  is  in  contact  with  a  whilst  the  tongue  of  B  is  disconnected  from 
h.  The  short-circuit  key  of  the  galvanometer  being  closed,  lever 
G  is  now  pressed  over  to  the  right,  so  that  the  tongue  of  lever  C 
comes  in  contact  with  c,  whilst  the  tongue  of  lever  D  becomes 
disconnected  from  d;  the  zinc  pole  of  the  large  battery  thus 
becomes  connected  through  c  with  one  terminal  of  the  galvano- 
meter, and  as  the  other  terminal  is  connected  (through  lever  A 
and  a)  with  the  cable,  the  circuit  is  complete.  The  short-circuit 
key  of  the  galvanometer  is  now  depressed,  and  the  deflections  noted 
in  the  usuaJ  manner  (page  410).  As  soon  as  the  observations  are 
completed  the  short-circuit  key  of  the  galvanometer  is  raised,  and 
lever  D  being  pressed  over  to  the  left  the  battery  becomes  discon- 
nected from  the  galvanometer  terminal,  and  the  latter  is  connected 
to  earth,  so  that  the  cable  discharges  itself. 

.  Particular  care  must  be  taken  that  the  short-circuit  key  of  the 
galvanometer  is  raised  before  lever  D  is  pressed  over  to  the  left, 
otherwise  the  whole  discharge  from  the  cable  will  pass  through 
the  galvanometer  coils,  and  the  needles  may  either  be  demagnetised 
or  at  least  the  "  constant "  of  the  instrument  be  altered. 


Method  op  Testing  Batteries  in  the  Postal  Telegraph 
Department. 

Direct  Beading  Battery  Testing  Instruments, 

620.  One  form  of  apparatus  (devised  by  Mr.  A.  Eden)  employed 
in  the  Postal  Telegraph  Department  for  battery  testing,  is  shown  by 
Figs.  216  and  217.  It  consists  of  two  adjustable  sets  of  resistance 
coils  Ri  and  Rj  (R  and  B,  Fig.  216),  R^  being  in  the  direct  circuit 
of  one  coil  of  a  tangent  galvanometer  *  G,  and  R,  being  a  shunt 
between  the  terminals  of  the  battery  E  when  the  key  A;  is  de- 

*  This  galvanometer  la  the  same  as  that  employed  fcr  making  the  daily 
morning  tests  (Figs.  16  and  202,  pagea  24  and  553). 
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pressed.  There  is  also  a  shunt  S  of  fixed  resistance  connected 
through  the  second  coil  of  the  galvanometer  and  to  the  key  I,  as 
shown.  The  values  of  the  resistance  coils  forming  B^  are  429, 
858,  1716,  3432,  6864,  and  13,728  ohms  respectively ;  that  is,  they 


Fig.  217. 


FiQ.  21& 

are  in  the  proportion  of  1 : 2  : 4 : 8  :  16 :  82.  In  circuit  with  B^  is 
a  fixed  resistance  r^  of  269  ohms  which,  together  with  the  resist- 
ance of  the  half  coil  of  the  galvanometer,  namely  160  ohms,  makes 
up  269  +  160  =  429  ohms ;  this  resistance  r^  is  external  to  B^,  so 
that  when  all  the  plugs  are  inserted  in  the  latter,  r^  still  remains 
in  circuit. 

Electromotive  Force  Teat. 

621.  The  principle  of  the  method  of  testing  for  electromotive 
force  is  as  follows : — 

The  adjustment  of  the  galvanometer  is  made  such,  thai 
2j^  milliamp^res  of  current  passing  through  the  half  coil  will 
give  a  deflection  of  100  divisions.  The  electromotive  force  of  a 
Daniell  cell  is  1*08  volts;  if,  therefore,  such  a  cell  were  in  circuit 
with  a  total  resistance  of  432  ohms,  the  resulting  current  will  be 


1-08  X  1000 
432 


=  2*5  milUamp^res. 
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A  Daniell  oell,  therefore,  assuming  its  resistance  to  be  3  ohms 
approximately,  would  if  joined  up  as  shown  by  Figs.  216  and  217, 
that  is  with  a  resistance  in  circuit  of 

160  +  269  +  3  =  432  ohms, 

give  on  the  galvanometer  a  deflection  of  100  divisions,  that  is 
provided  the  electromotive  force  of  the  oell  were  fully  up  to 
I'Od  volts;  any  less  deflection  than  100  divisions  will  indicate 
directly  the  percentage  value  of  the  actual  electromotive  force. 
If,  say,  5  Daniell  cells  were  in  circuit,  and  also  a  total  resistance 
of  5  X  432  ohms,  then  the  deflection  obtained  should  still  be  100 
divisions,  provided  each  of  the  Ave  cells  had  an  electromotive 
force  of  1*08  volts ;  and  it  is  evident  that  if  with  a  still  larger 
number  of  cells,  there  were  placed  in  circuit  a  total  resistance  as 
many  times  greater  than  432  ohms  as  there  are  cells  to  be  tested, 
then  if  the  average  electromotive  force  per  cell  of  the  battery 
were  1  *  08  volts,  the  deflection  obtained  would  still  be  100  divisions. 
If  the  deflections  were  less  than  100,  it  would  show  that  the 
average  electromotive  force  per  cell  of  the  battery  must  be  pro- 
portionately less  than  1  •  08  volts. 

A  Bichromate  battery  would,  when  tested  in  the  same  manner, 
give  a  deflection  of  200  divisions,  if  in  good  condition,  since  the 
electromotive  force  of  a  Bichromate  cell  is  exactly  double  that  of 
a  Daniell,  i.e.  the  force  is  2*16  volts,  whilst  its  resistance  is 
approximately  the  same. 

Similarly  a  Leclanch6  battery,  which  has  an  electromotive  force 
per  cell  of  1  *  62  volts  approximately,  would  if  in  good  condition 
give  a  deflection  of  150  divisions,  since 

1-08:100::  1-62:150. 

In  order  to  enable  the  percentage  of  fall  in  force,  to  which  a 
deflection  less  than  150  divisions  corresponds,  to  be  at  once  deter- 
mined, a  table  is  provided. 


Besisianee  Test, 

622.  Referring  to  Fig.  217,  when  the  key  A;  is  raised,  the  whole 
of  the  current  from  the  battery  will  flow  i;hrougu  the  galvano- 
meter.   If  C  be  this  current,  then 
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B'  being  equal  to  B^  +  ^i  + 1>  I  being  the  resistanoe  of  the  half 

2    2 

coil  of  the  galvanometer. 

When  key  k  is  depressed,  then  the  total  current,  C\  passing 
through  the  two  o:)ils  of  the  galvanometer  will  be 


c-       ^ 

^      K.      _             ER, 

where 

•^R,  +  A^r(R,  +  A)  +  R,A' 

.         R'  8' 
^=R'  +  8'' 

8'  being  eqnal  to  S  +  ^,  « 
2 

lothat 

cy  — 

ERj 

'(« 

R'S'  \             R'S' 
»"^R'  +  87  '      "R'  +  S' 

ER,(R'  +  S') 
-r[R,(R'  +  S')  +  R'8']+R,R'S'- 

If  B,  be  adjnBted  so  that 
then  we  get 

c  =  c. 

£ 

ER,(R'  +  8') 

r +  B'  "  r  [Ra(H'  +  S')  +  B' S]  +  B,B'S" 
or 

(r  +  B')Ba(B'  +  8')  =  r[B,(R'  +  S')  +  B'8'J  +  B,B'S', 

therefore 

rBa(B'+8')  +  BjB'»  +  BaB'S'=rBa(B'+S')  +  rB'S'+B,B'S', 

therefore 

Bj|B'»  =  rR'S', 
therefore 

8ince 


r-Bg,. 


B'=.R,+ri  +  |,    and,    8' =  S  +  | 
we  have 


s+i 
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Now  r  (the  total  resistaiice  of  the  battery)  is  equal  to  the  resist- 
ance per  cell,  r',  multiplied  by  the  number,  n,  of  cells  of  which  the 

battery  is  composed ;  if,  therefore,  we  make  Bj  +  r^  +  ^  directly 

proportional  to  the  number  of  cells,  as  we  do  in  the  case  of  the 
electromotive  force  test,  that  is,  if  we  make 


R.+ 

••i +  !  =  ««. 

where  k  is  a 

constant ; 

then  i 

since 

r  =s  nr* 

we 

get 

nt' 

Rj 

or 

r' 

kR, 

Now  for  every  cell  being  tested  the  resistance  included  in  circuit 
in  making  the  electromotive  force  test  is  432  ohms,  that  is  ic  =  432, 
so  that 

s+l    ■ 

If  now  a  fixed  value  be  given  to  S  +  ^»  then  r'  will  be  in  direct 
proportion  to  Ey  The  fixed  value  is  preferably  the  highest  value 
which  £ 
so  that 


which  Ri+ri  ■+  f  will  have,  which  will  be  60  x  432,  or  26,920ohm8, 


r'  =  E, 


432  R, 


60  X  432  ~  60  ' 


that  is  to  say,  the  resiatance  per  cell  of  the  battery  being  tested 
is  ^th  the  resistance  of  the  shunt  B,.  If,  therefore,  the  resist- 
ances of  which  B2  is  composed  are  marked  with  values  which 
are  ^^^  ^^  their  actual  values,  then  those  marked  values  will  give 
at  once  the  resistance  per  cell  of  the  battery  under  test. 

623.  An  improved  form  of  apparatus  based  on  the  foregoing, 
has  been  devised  by  Mr.  A.  Eden,  and  is  shown  by  Figs.  218  and 
219. 
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In  Fig.  218,  R  are  the  resistanoee  wHich  are  inserted  in  circnit 
in  proportion  to  the  namber  of  oella  to  be  tested.  B  are  the 
resistances  for  shunting  the  battery.     6  is  a  switch  which  can  be 


Fio.  218. 

turned  to  three  different  positions  according  as  Bichromate,  Daniell, 
or  Leclanch6  batteries  have  to  be  tested.  This  switch  shunts  the 
galvanometer,  so  that  the  normal  deflection  for  each  of  the  three 


Fig.  219. 


descriptions  of  batteries  shall  be  100,  instead  of  200, 100,  and  150, 
as  is  the  case  with  the  form  of  aj^paratus  shown  by  Fig.  216. 
a  is  a  plunger  key  corresponding  to  key  k  in  the  apparatus  last 
refeiTed  to. 
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Combined  Besistances. 

624.  Problem. — ^Eequired  the  joint  reeistance  of  the  resistances 
a,  h,  jc,  d,  and  gr,  between  the  points  A  and  B  (Fig.  220). 


If  we  call  B  the  resistance  of  the  combined  resistances  between 
the  points  A  and  B,  then  what  we  have  to  do  is  to  obtain  an 
equation  of  the  form 

E 

Now  it  is  obvious  that  the  value  of  B  can  be  in  no  way  depen- 
dent upon  the  value  of  r,  hence  in  order  to  simplify  the  problem 
we  may  assume  r  to  be  equal  to  0. 

By  Kirchoflf's  laws  (page  178)  we  have  the  following  six  equa- 
tions, showing  the  connection  between  the  resistances  a,  6,  c,  d, 
and  g^  the  current  strengths,  <^,  Cj,  C3,  C4,  C5,  and  c^,  and  the  electro- 
motive force  E : — 

C5  -  Ci  -  Ca  =  0  [1] 

C4  -  Ce  -  Ci  =  0  [2] 

C3  +  Cfi  -  <52  =  0  [3] 

Cgd  +  Cj^-EzrO  [4] 

Ci  a  -  Cjj  6  -  Cg  gr  =  0  [6] 

C3  (i  -  C4  a;  -  Cg  gF  =  0  [6] 

In  order  to  determine  the  value  of  c^  from  these  six  equations 
we  must  first  find  the  value  of  c^  from,  say,  equation  [1],  and  sub- 
stitute this  value  in  the  other  equations,  thereby  getting  rid  of  c^ ; 
again  in  like  manner,  if  we  find  the  value  of  c,  from,  say,  eq^ation 
[3],  and  substitute  throughout,  we  get  rid  of  c^,  and  so  on.    As  it 
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will  be  unnecessary  to  show  all  these  snbstitations,  we  shall  con- 
fine ourselves  to  one  or  two  only;  thus  from  equation  [1]  we 
have 

Cs  -  «i  -  Ca  =  0,     or,    c,  =  Cj  -  c, ; 

therefore  we  get 

<?4  -<?•-<?»  -I-  fa  =  0  [2] 

C3  +  <J,  -  Ca  =  0  [3] 

C3  d  +  Cj,  5  -  E  =  0  [4] 

C5  a  —  Cj  a  —  Cj  6  —  c,  ^  =  0                         [5] 

C3  d  -  C4  «  -  Cg  ^  =  0.  [6] 

By  continuing  this  process,  we  at  length  get 

c^a  ^  e^a  ^  c^b  --  e^g  --  {a  +  h)    ^^^    =0 
and 

<?5«  +  <56 1/  -  (^  +  g)    ^^^    =  0  ; 
therefore 

c^(ad  +  bd  +  hg  +  dg-)  =  6^(06  +  ad)  -  E(a  +  6) 
and 

c,(5^  +  d^  +  6a:  +  6<l)  =  -  c^ (6 a;  +  d «)  +  E (d  +  a). 

By  dividing  one  equation  by  the  other,  c«  is  eliminated,  that  is, 
we  get 

ad^hd  +  hg  +  dff  ^     c^(ab  +  ad)^E{a  +  h) 
bg  +  dg  +  bx  +  bd       --  c^(b x  +  d x)  -^11  (d  +  x)" 
or 

^  E 

^*      (ab-{'ad){bg+dg-^bx'\'bd)-^{bx+dx){ad+bd'hbg-hdgy 
(d+x)(adj-bd-i-bg+dg)  +  {a'^b){bg+dg+bx'}'bd) 

By  dividing  the  numerator  and  denominator  of  the  fraction 
below  the  thick  line  by  a  +  a;,  we  finally  get 

E . 

""'       g.[{a+x){b  +  d)]  +  ab{d-\-x)-\-dx{a  +  bj  ' 
g[{a  +  x')  +  (b  +  d)]  +  (a  +  b)  (d  +  x) 
that  is  to  say, 

The  combined  resistance  of  the  resistances,  a,  6,  c,  d,  x,  and )  ^ 
g,  between  A  and  B  f 

g [(g  ^x)(b  +  d)]  +  a b(d  +  x)  +  d x(a +  b) 
-g[(a  +  x)  +  (b^d)]  +  {a^b)id^x)     '• 
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It  will  be  observed  that  if  ^y  =  oo ,  that  is  to  say,  if  we  remove 
Qy  then  we  get 

Combined)  ^    g [(a  +  x) (h  +  d)]    ^    Ca+x)(h  +  d) 
resistance  j      glia  +  x)  +  (h  +  d)]      (a  +  x)  +  (h  +  d) ' 

which  is  the  joint  resistance  of  (a  +  a?)  and  (h  +  d). 

If  we  have  ^  =  0,  that  is  to  say,  if  we  join  together  the  two 
points  connected  by  g^  then  we  get 

Combined )  _  ah(d  +  x')  +  dx{a  +h)  __     « &    _•      dx 
resistance  f  ""         («  4.  6)  (d  +  a?)  "  a  +  6      d  +  x' 

which  is  the  joint  resistance  of  a  and  &,  added  to  the  joint  resistance 
of  d  and  a% 

The  truth  of  these  simplifications  is  obvions. 


Combined  Condensers. 

625.  Problem. — Beqnired  the  joint  electrostatic  capacity  of  two 
or  more  condensers  joined  np  in  "  cascade." 

Let  a,  6,  and  c,/,  Fig.  221,  be  the  plates  of  the  two  condensers, 
then  if  we  suppose  these  plates  to  be  of  equal  size,  and  d^  and  d^ 


1..&.., 

.<&., 

i..A.^ 

-A-, 

jr^ 

-^ 

^— _ 

^ 

at 

5 

0 

f 

a 

2> 

0 

<;      <i 

Q 

Fio.  221. 

Fio.  222. 

to  be  the  distances  separating  them, 
and  Cj  will  be  in  the  proportion 

the 

respective 

capacities 

Ci 

C,:C,. 

:(«,: 

^1, 

or 

C,d, 

1 

. 

Now  the  plates  h  and  c,  being  joined  together,  may  be  con- 
sidered to  be  one  plate,  as  shown  by  the  dotted  line  h  e.  Fig.  222 ; 
moreover  as  the  It^tter  plate  is  in  no  way  connected  with  either  of 
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the  charging  wires  +  and  ^y  it  practically  does  not  affect  the 
joint  capacity  of  the  arrangement;  hence  we  can  represent  this 
joint  capacity  as  being  due  to  a  condenser  formed  of  the  plates  a 
and  /,  separated  by  a  distance  d^  +  d^.  The  capacity  G»  of  the 
combination  mast  ^erefore  be  given  by  the  proportion 

a  :  Ci : :  di :  di  +  d^, 
or 

Ci  d,  1  1 


C.= 


d,  +  d2^  I  d^    "11' 


If  we  had  a  third  condenser  of  a  capacity  C3,  in  the  circuit  of 
Ci  and  G^  then  the  joint  capacity  C^  of  this  condenser  in  com- 
bination with  Cm  must  be 

1  1 

Cat         C3        Cj         Oj         C3 

and  BO  on  with  any  namber  of  condensers.  Hence  we  have  the 
law: — 

The  joint  electrostatic  capacity  of  any  number  of  condensen  joined 
together  in  *^c<i9cade''  is  equal  to  the  reciprocal  of  (he  sum  of  the 
reciprocals  of  their  respective  capacities. 

Electeostatig  CAPAaTT  OF  Aerial  Lines. 

626.  If  we  have  two  wires  having  diameters  d^  and  d^  respec- 
tively, suspended  in  space,  the  distance  between  their  axes  being 
2  h ;  then  the  electrostatic  capacity  between  the  two  wires  will 
be 

where  I  is  the  length  of  the  wires,  and  k  a  constant,  whose 
numerical  value  is  dependent  upon  the  units  in  which  Z,  A,  dj,  and 
dj  are  expressed. 

If  the  wires  are  of  equal  diameter,  that  is,  if  both  wires  are, 
say,  of  a  diameter  d,  then  the  above  equation  becomes 
kI       _        kI kI 

,      16  A*"",      MAY       01..^* 
log-^       log(^-^j        2  1og-^ 

•  The  proof  jf  this  equation  is  complex,  and  is  beyond  the  scope  of  this  book. 
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Since  at  every  point  in  a  plane  equidistant  from  the  two  wires 
the  potential  mnst  be  zero,  and  the  electrostatic  capacity  between 
this  plane  and  either  of  the  wires  (since  the  distance  is  one-half 
that  between  the  wires)  must  be  twice  that  between  the  wires,  it 
follows  that  the  capacity  of  a  wire  of  diameter  d  suspended  aUme 
at  height  h  above  the  ground  (this  representing  the  plane  referred 
to,  and  h  being  half  the  distance  between  the  wires),  must  be 

'  kI  -  kI 

X  2  = 


2  log -J  log -J. 

The  mean  value  of  k  obtained  from  actual  experiments  on  lines 
in  this  country  is  *0616;  I  being  expressed  in  miles,  and  h  and  d 
in  mils,  the  resulting  answer  being  in  microfarads. 

For  example. 

What  is  the  electrostatic  capacity  per  mile  of  an  aerial  wire 
112  mils  in  diameter  and  30  feet  above  the  ground? 

d  =  112  mils.     A  =  30  X  12  X  1000  =  360,000  mils.     I  =  1. 


Electrostatic 

capacity  per 

mile 


0616  X  1  -0616         ^^^^     .      r     ^    . 

=  T-TT^  =  '0150  microfarads.* 


,      4x360,000       4-109 
^"« 112 


Practical  Meamtrement  by  Kempe's  Method, 

627.  The  practical  measurement  of  the  electrostatic  capacity  of 
an  aerial  line  by  an  ordinary  discharge  method  is  often  a  matter 
of  considerable  difficulty,  owing  to  the  loss  of  charge  which  takes 
place  during  the  time  the  lever  of  the  discharge  key  is  moving 
from  the  battery  to  the  galvanometer  contact,  the  insulation  re- 
sistance of  an  aerial  wire,  except  in  very  dry  weather,  being 
comparatively  low.  It  is  best,  therefore,  to  make  the  test  by  the 
method  shown  by  Fig.  223.  The  line  whose  electrostatic  capacity 
is  required,  is  joined  up  to  the  point  c  of  a  Wheatstone  bridge,  earth 
being  connected  to  F,  as  shown.  K  is  a  double  key  which,  in  its 
normal  position,  closes  the  battery  circuit,  and  also  ahort'circuits  the 
galvanometer ;  the  contacts  of  this  key  are  so  set  that  on  depressing 
the  latter  the  galvanometer  short  circuit  is  opened  a  moment  before 

*  This  value,  it  may  be  stated,  is  that  of  an  aerial  copper  wire  weighing 
200  lbs.  per  mile. 
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the  battery  cinmit.  1;  is  a  supplementary  key  whiob  enables  the 
short  circuit  to  be  opened  without  opening  the  battery  circuit. 

The  following,  then,  is  the  method  of  making  the  measure- 
ment : — 

Key  k  being  depressed,  the  resistances  are  adjusted  until 
balance  is  obtained  as  nearly  as  possible  on  the  galvanometer; 
k  is  then  raised,  and  the  galvanometer  being  thus  short-circuited 
the  needle  comes  exactly  to  zero.  On  depressing  key  E  the  short 
circuit  is  opened  and  immediately  afterwards  the  battery  circuit 
is  broken,  the  result  being  that  although  exact  reaistance  balance 
may  not  have  been  obtained  as  regards  the  four  arms  of  the 
bridge,  yet  the  interval  between  the  opening  of  the  galvano- 
meter short  circuit  and  the  battery  circuit  is  so  extremely  brief, 
that  the  needle  has  no  impulse  given  to  it  from  this  want  of 


Fia.  223. 

balance,  but  the  throw  which  it  receives,  and  which  is  due  to 
the  discharge  from  the  line,  is  practically  entirely  due  to  this 
discharge.  Moreover,  as  the  latter  takes  place  at  the  instant  that 
the  battery  circuit  is  broken,  the  loss  due  to  the  low  insulation  of 
the  line  is  reduced  to  a  minimum ;  and  moreover  this  loss  cannot 
be  material  unless  the  insulation  resistance  is  extremely  low,  as 
the  whole  charge  would  practically  discharge  through  the  com- 
bined resistances  formed  by  the  bridge,  since  these  resistances 
would  be  small  compared  with  the  insulation  resistance. 

After  the  discharge  from  the  line  has  been  noted,  the  latter 
is  disconnected  from  c,  and  a  condenser  is  joined  across  e  and  E, 
as  shown  by  the  side  figure;  a  discharge  is  then  taken  from 
this  condenser,  which  discharge,  compared  with  that  obtained 
from  the  line,  gives  by  direct  proportion  the  capacity  of  the  line  in 
terms  of  the  capacity  of  the  condenser,  as  will  be  well  understood. 
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It  may  be  added  that  in  practice  this  method  of  measurement 
is  found  to  jpve  very  satisfactory  and  reliable  results. 

The  values  which  should  be  given  to  the  arms  a,  6,  d,  and  r  of 
the  bridge  will  depend  up<in  the  length  of  the  line  being  tested, 
and  also  upon  the  sensitiveness  of  the  galvanometer ;  the  values 
are  best  found  by  trial. 

Measurement  of  the  Coefficent  of  Self-Induotion. 
Kempe's  Method.* 

628.  If  f  (Fig.  224)  be  an  electromagnet  of  resistance  r  in 
circuit  with  an   external  resistance  B,  then  if  we  excite  this 
magnet  by  a  current  of  strength  C,  the 
discharge  which  will  take  place  from  the 
magnet  if  it  be  allowed   to  discharge  ^Hf^HJr 

itself  the  moment  the  exciting  current  ^^i.i-u-},  ■  t^-™- 

is  taken  off,  will  be  directly  proportional  R  »• 

to  0,  inversely  proportional  to  the  total  yiq.  224. 

resistance  R  +  r,  through  which  the  dis- 
charge takes  place,  and  directly  proportional  to  a  coefficient  which 
in  dependent  upon  the  make  of  the  magnet,  i.e.^  its  shape,  number 
of  convolutions  of  its  coils,  &o. ;  this  constant  which  is  called  L, 
is  the  coefficient  of  self-induction  of  the  magnet. 

If  gf  be  the  quantity  in  coulombs  (page  77)  discharged  from 
the  magnet,  then 

«  =  4-L.  [A] 

Supposing  now  we  have  a  condenser  (Fig.  225)  of  F  farads 
capacity  shunted  by  a  shunt  of  S  ohms  resistance,  and  let  there 
be  a  current  of  C  amperes,  flowing  through 
Rj  and  S,  then  if  6  be  the  potential  differ-  _, 

ence,  in  volts,  between  the  terminals  of  the  ^  L^ 

condenser,  the  charge  in  the  condenser  will  /  \ 

Y^  <  "orrSnnnnnnr — 

F  e  coulombs. 

Fig.  225. 

If  the  charging  current  be  now  cut  off 

and  the  condenNor  be  allowed  to  discharge  itself  through  Ri  and  S, 

the  quantity  qi  discharging  through  R,  will  be 
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but  ainoe  the  onrrent  flowing  throngh  R^  and  S  is  equal  to  C,  we 
have 


0=g,     or,     «  =  CS; 


therefore 


«i  =  F 


CS» 


[B] 


Ri  +  S' 

By  oombining  [A]  and  [B]  we  got 

q L_    Ri  +  S 

^,  ~  PS*  *  H  +  r' 
therefore 

If  B  +  *"  is  made  equal  to  R|  +  S,  then 

629.  In  order  to  measure  q  and  qi  the  arrangement  shown  bj 
Fig.  226  was  devised  and  is  found  to  answer  its  purpose  very 


V 


V) 


Pig.  226. 

satisfactorily.  It  is  an  arrangement  similar  to  that  deyised  for 
measuring  electrostatic  capacities,  page  592. 

The  magnet  r  (whose  coefifioient  of  self-induction  is  required) 
and  a  resistance  ti  are  joined  up  in  one  arm  of  a  Wheatstone 
Bridge,  as  shown. 

The  key  k  being  depressed,  the  resistance  d  is  adjusted  until 
balance  is  obtuned  as  nearly  as  possible  on  the  galvanometer; 
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key  h  is  then  raised,  and  when  the  galvanometer  needle  has  come 
exactly  to  zero,  key  E  is  depressed  and  the  throw,  d^  due  to  the 
discharge  from  the  magnet  r  is  noted.  A  shunted  condenser  (see 
right-hand  figure)  in  circuit  with  a  resistance  r,,  is  then  substituted 
in  the  place  of  the  electromagnet  and  resistance  r^,  and  the  throw, 
^29  with  the  same  is  obtained  in  a  similar  manner  to  that  in  the 
case  of  the  electromagnet.     Then 

since  di  and  d^  are  proportional  to  q  and  q^. 

The  resistances  r^  and  r^  (which  must  have  no  self-induction) 
are  used  in  order  to  enable  the  throws  in  the  two  cases  to  be  made 
approximately  the  same  if  the  condenser  F  is  not  an  adjustable 
one ;  but  these  resistances  must  be  such  that 

It  is  evident  that  by  increasing  r,  and  diminishing  S,  the 
portion  of  the  discharge  from  the  condenser  which  passes  through 
the  galvanometer  can  be  reduced  to  any  required  extent.  If  it 
should  happen  that  the  discharge  from  the  condenser  when  r,  is 
equal  to  0,  is  smaller  than  the  discharge  from  the  electromagnet, 
then  we  can  diminish  the  latter  discharge  by  increasing  fj,  S 
being  of  course  increased  so  as  to  make  S  =  rj  -f  r. 

Although,  strictly  speaking,  the  equation 

L  =  F  S'*  ^* 

is  only  correct  when 

ad  =  h(ri  +  r), 

yet  the  error  diie  to  d  being  slightly  out  is  extremely  small,  and 
practically  does  not  affect  the  correctness  of  the  final  result. 

As  in  practice  F  is  expressed  in  microfarads  and  not  farads,  the 
exact  value  of  L  is  given  by  the  expression 

L  =  F  8«  ^' -7- 1,000,000. 

The  name  given  to  the  unit  of  self-induction  by  Professor  Ayrton  is 
tlie  "  secohm,"  but  the  name  '*  henry  "  is  now  assigned  to  this  unit. 
As  the  submultiple,  /,  of  the  henry,  the  "millihenry  "  (^^\p,th 
henry)  is  found  more  convenient  for  practical  use,  we  have 


Z  =  F  S2  ^^  -^  1000  millihenries. 
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For  example. 

In  an  experiment  made  with  an  electromagnet  of  400  ohms 
resiBtance  (r),  the  Vctluea  of  P,  <li,  d^  r„  r^  and  S  were  1  micro- 
faradf  45  divisions,  275  divisions,  600  ohms,  200  ohms,  and  800 
ohms,  respectively ;  what  was  the  value  of  2  ? 

/=  1  X  800  X  800  X  7^  -T- 1000  =  104-7  millihenries. 

If  the  self  induction  is  such  that  the  discharge  current  lasts  for 
an  appreoiahle  time,  it  may  be  necessary  to  employ  a  ballistic 
galvanometer  (page  74)  in  making  the  measurements. 

Measurement  of  the  Self-Induction  of  a  Telegraph- 
WiRE  Loop. 

630.  The  measurement  of  the  self-induction  of  a  telegraph- 
wire  loop  presents  the  difficulty  of  there  being  the  factor  of 
inductive  capacity,  as  well  as  of  self-induction,  to  be  dealt  with, 
and  the  problem  is  to  separate  the  one  from  the  other.  This 
may  be  done  in  the  following  manner : — 

First  join  up  the  two  wires  (which  will  afterwards  form  the 
loop)  as  shown  by  Fig.  227 ;  B  being  a  resistance  equal  to  that 


doc 


^ 


djc 


T 


tiM 


Fig.  227. 


of  the  wire  loop.  In  this  case,  regarding  the  two  wires  as  the 
two  plates  of  a  condenser,  then  the  potential  difference  between 
any  one  point  on  one  wire  and  the  adjacent  point  on  the  other 
wire  will  be  the  same  all  along  the  length  of  the  wires.  If  then 
we  call  V  this  potential  difference,  the  charge  held  by  the  wires 
will  be  represented  by  the  area  1,  3,  4,  5,  that  is  by 
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Now  on  depressing  key,  E,  the  whole  of  this  charge  will  dis- 
charge itself  at  the  ends  1,  2,  of  the  wires;  the  portion,  Q,  of 
this  flowing  through  the  combined  resistance  of  a,  6,  ^,  and  d 
(which  combined  resistance  we  will  call  Bi),  being 


«-^!-E:fE- 


M 


Next  loop  the  wires  as  shown  by  Fig.  228,  and  remove  the 
resistance  B  between  1  and  2.  Under  these  conditions,  since  the 
resistance  between  the  points  1  and  2  remains  unaltered  (for  the 
resistance  R  has  been  replaced  by  the  resistance  of  the  looped 


Fig.  228. 


wires,  to  which  B  is  equal),  the  potential  difference  between  points 
1  and  2  will  remain  unaltered ;  but  this  potential  difference  will 
decrease  along  the  loop  up  to  3,  at  which  point  (since  two  adjacent 
points  on  the  two  wires  are  at  this  place  joined  together  by  the 
looping  of  the  wires)  the  potential  difference  will  be  zero.  The 
charge  held  by  the  two  wires  wiU,  in  fact,  in  this  case,  be  repre- 
sented by  the  triangle  1,  3,  5. 

Now  if  V  dx  he  a,  differential  pai*t  of  the  charge,  then  when 

the  key,  E,  is  depressed,  since  2  ( -^  —  a;  j  is  the  resistance  of  the 

loop  6,  3,  7,  and  Bi  -|-  B  is  the  resistance  of  the  whole  looped 
circuit  (Bi  beiug  the  combined  resistance  of  a,  h,  g,  and  J),  a 
portion  of  this  part,  namely 

.(5-.) 

^^  =  *    Rj  +  B    ***> 
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will  flow  throngh  the  combination  of  resistanoes  Bi.    And  since 

or, 


therefore 

dQ=  V pda 

and  the  integral  of  this  between  the  limits  as  s=  R  and  x  =  0 
will  give  the  quantity  Q  flowing  out  at  I.  As  the  foregoing 
equation  is  of  the  same  form  as  equation  [1],  page  498,  we  can 
see  at  onoe  (from  [2],  page  498)  that  integration  will  give  the  value 
of  Q  as 


■■(^' 


2? 
O  =  X         ''^-2/       ^  y    R       _2_  ^  V    B         B 

3  "/p  ^p^^~  ^'2  'R,  +  R       3'2'Bi  +  R'     ^^ 


which  is  one-third  of  the  quantity  [A]  discharged  in  the  case  of 
Fig.  227. 

Hence  we  see  that  if  the  discharges  in  cases  Fig.  227  and 
Fig.  228  are  due  to  electrostatic  capacity  only,  then  the  discharge 
in  case  Fig.  227  will  be  exactly  three  times  as  great  as  in  the 
case  of  Fig.  228. 

Now  actually  in  case  Fig.  228  we  have  also  a  discharge  due  to 
self-induction,  this  discharge  being  in  the  reverse  direction  to  the 
static  discharge ;  hence  if  D  be  the  observed  discharge  obtained 
in  case  Fig.  227,  and  d  that  in  case  Fig.  228,  then  if  d^  be  the 
amount  of  the  discharge  due  to  self-induction,  we  must  have 

^       D      ^      D-8d 
^        3  3 

In  order  to  reduce  the  result  corresponding  to  ct^,  to  millihenries, 
we  must  obtain  a  discharge  deflection  (f,  ^^^  ^  condenser  of  F 
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microfarads  oapaoity,  this  condenser  being  connected  in  the  place 

of  the  two  wires  -;r  ,  77 ,  Fig.  227.    We  then  get 
2      2 

Z  =  F  R«  J'  -r- 1000  =  F  R3  ?r=^  mniihenries. 
aj  oOOO  Og 

On  a  looped  underground  telegraph  line,  23  miles  long,  the 
following  values  of  F,  E,  D,  c2,  and  d2  were  noted. 

F  =  Jrd  mf.    R  =  200  ohms.    D  =  96.    (i  =  -  54.*    d^  =  30. 

What  was  the  self-induction  per  mile  of  the  loop  ? 

/  -  i  X  200  y  200  X  96 -(3  X- 54)  _  200  X  200  X  258 
<  -  J  X  200  X  200  X        3000  x  30       "     3  X  3000  X  30 

38-22 
=  38-22  =  -^--  =  1-662  miUihenrieB. 

631.  Tests  for  self-induction  of  long  lengths  of  line  cannot  be 
made  satisfactorily  by  this  method,  as  on  loog  lines  the  static 
discharge  so  greatly  preponderates  that  it  swatnps,  as  it  were,  the 
self-induction  discharge,  and  the  effect  of  the  latter  on  the  readings 
becomes  barely  noticeable.  On  the  other  hand,  if  the  line  is 
extremely  short,  and  the  self-induction  preponderates,  yet  its  value 
is  so  small  that  it  gives  but  a  very  small  discharge  effect,  and 
moreover,  this  small  effect  is  barely  noticeable  on  the  galvano- 
meter in  consequence  of  the  &^t  that  the  conductor  resistance  of 
the  line  being  low  (through  the  line  being  short)  it  acts  as  a 
shunt  and  allows  only  a  small  portion  of  this  small  discharge  to 
pass  through  the  galvanometer ;  recourse  must  be  had  in  such  a 
case  to  the  "  Secohmmeter  "  (page  601). 

Meaturemewt  of  MuiuaJ  Indudian. 

632.  This  is  a  comparatively  easy  measurement  to  make. 
Let  a  and  b  be  two  wire  loops,  through  one  of  which,  a,  a  current 

is  sent  by  means  of  a  battery  E,  there  being  a  resistance  R  in  the 
circuit. 

If  C  =  current  flowing  in  the  loop,  /jl  the  coefficient  of  mutual 
induction  between  the  two  loops,  then  if  g  be  the  quantity  dis- 
charged through  h  on  raising  or  depressing  key  E,  we  have 

*  This  deflection  must  be  tuken  as  m4nu$,  as  it  was  in  the  opposite  direction 
to  the  other  deflections. 
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Now  if  V  be  the  potential  difference  between  the  ends  of  R,  then 


or, 


«  = 


^(9+r) 


Having  noted,  then,  the  deflection  due  to  q,  take  the  galvanometer 
off  and  connect  it  between  the  ends  of  R,  there  being  in  circuit 
with  the  galvanometer  a  condenser  of  F  microfarads  capacity  (see 


Fig.  229. 

small  figure).  In  this  case  on  raising  or  depressing  key  E,  a  dis- 
charge deflection  will  pass  through  the  galvanometer  due  to  the 
condenser  F  being  charged  to  a  potential  V,  with  a  quantity  q^, 
60  that 


Hence 


or 


q,  =  \F,     or.     V=^. 


«      FH(3  +  ry 


For  q  and  q^  may,  of  course,  be  substituted  the  discharge  deflections 
d  and  di  due  to  those  quantities,  and  if  F  is  in  microfarads,  then 

'^  =  — TOOOT-  -J^niilliheunes. 
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For  example. 

If  in  a  measurement,  F  =  ^  microfarad ;  R  =  100  obms  ;  g  +  r 
=  160  ohms;  d  =  70  divisions;  d  =  120  divisions;  then 

i  X  100  X  160  X  70 


^  = 


1000  X  120 


=  3*11  millihenries. 


The  Secohmmeter, 

633.  This  instrument  (devised  by  Professors  Ayrton  and  Perry) 
is  a  most  valuable  apparatus  for  measuring  self-induction,  especially 
when  the  latter  is  of  small  dimension. 

The  apparatus  consists,  in  the  first  place,  of  two  rotary  com- 
mutators, each  with  four  stationaiy  brushes.  The  commutators 
are  on  the  same  spindle,  one  at  the  front  and  the  other  at  the  back 
of  the  apparatus  (one  seen  in  Fig.  230),  but  for  convenience  they 


Fig.  230. 

are  shown  in  Figs.  231  and  234  as  if  they  were  in  the  same  hori- 
zontal plane.  One  commutator,  G  C,  is  for  periodically  reversing 
the  galvanometer  connections,  and  the  other,  B  C,  for  reversing 
the  battery  connections.  An  adjustment  is  provided  for  enabling 
the  relative  positions  of  the  two  sets  of  brushes  to  be  varied,  so 
that  both  sets  of  reversals  can  be  made  to  occur  simultaneously, 
or  one  a  little  before  or  after  the  other,  or  one  reversal  midway 
between  two  successive  reversals  of  the  other. 

The  commutators  can  be  driven  at  one  or  other  of  two  speeds 
relatively  to  that  of  the  driving  handle.  With  one  arrangement 
there  are  four  reversals  of  both  the  galvanometer  and  of  the  battery 
for  one  revolution  of  the  handle,  and  with  the  other  twenty-four 
reversals  of  each  for  one  revolution  of  the  handle.     The  apparatus 
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oan  be  driven  by  hand,  or  more  conveniently  by  a  small  electro- 
motor, BO  as  to  obtain  a  oonstant  speed  of  reversal  varying  from 
200  to  6000  reversals  per  minute  of  both  the  galvanometer  and 
the  battery.  There  are  two  shafts,  on  either  side  of  which  the 
handle  fits,  for  high  or  low  speed  ratios. 

The  principle  of  the  instmment  is  as  follows : — If  a  coil  having 
self-induction  be  joined  up  in  the  usual  way  to  a  Wheatst<me 
Bridge,  and  balance  be  obtained  when  the  battery  key  is  first 
depressed  and  then  the  galvanometer  key,  it  will  be  found  that  on 
reversing  the  operations,  i.e.  first  depressing  the  galvanometer  key 
and  then  the  battery  key,  there  will  be  a  sudden  impulse  on  the 
galvanometer  in  one  direction  on  completing  the  battery  circuit, 


■^  a 


I 


Fio.  281. 


and  an  equal  impulse  in  the  opposite  direction  on  breaking  that 
circuit,  which  impulses  are  a  measure  of  the  self-induction  of  the 
coil.  If  instead  of  making  and  breaking,  the  battery  is  reversed, 
the  same  effect  is  produced,  but  the  impulses  are  double  the  former 


ones. 


As  at  first  explained,  by  means  of  one  rotating  commutator  the 
battery  circuit  is  reversed  periodically,  so  that  a  succession  of 
impulses  would  be  given  to  the  galvanometer.  As  these  impulses, 
however,  are  alternately  in  opposite  directions,  no  permanent  de- 
flection would  be  obtained  on  the  galvanometer  unless  its  terminals 
were  periodically  reversed  between  successive  reversals  of  the 
battery.  The  second  commutator  is  provided  for  this  purpose, 
and  being  on  the  same  shaft  always  reverses  the  galvanometer 
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between  the  reversals  of  the  battery,  so  that  a  succession  of  im- 
pulses in  the  same  direction  are  given;  this  would  result  in  a 
steady  deflection  being  obtained,  whose  magnitude  would  depend 
on  the  self-induction  of  the  coil,  and  on  the  number  of  impulses 
per  second.  If,  however,  there  be  placed  in  the  adjacent  arm  of 
the  Bridge  a  second  coil  exactly  similar,  as  regards  self-induction 
and  resistance,  to  the  first  coil,  then  balance,  that  is  to  say,  no 
deflection  on  the  galvanometer,  will  be  produced.  If,  therefore, 
this  adjacent  arm  is  provided  with  self-inductive  resistances  whose 
values  both  as  regards  resistance  and  also  self-induction  can  be 


Fig.  232. 

varied,  the  arrangement  forms  a  zero  method  of  measurement,  as 
in  an  ordinary  Wheatstone  Bridge  test. 

To  Compare  Two  Coefficients  of  Self-Induciion. 

We  thus  have  the  following  method  : — 

Join  up  the  apparatus  as  shown  in  Fig.  231,  and  then  if  the 
resistances  r^  and  r^  of  the  non-inductive  arms  of  the  bridge  be 
adjusted  to  give  balance  with  a  steady  current,  balance  will  also  be 
obtained  on  rotating  the  commutators,  provided 

I^  -  !i 
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Lj  and  L,  being  the  coefficients  of  self-induction  of  the  indnctive 
branches. 

One  of  these  branches  is  an  adjustable  standard  of  self-induction 
shown  by  Fig.  232.  The  arrangement  consists  of  two  coils  con- 
nected in  series.  The  smaller  coil  revolves  inside  the  other  so 
that  it  may  be  inclined  at  any  angle  with  it,  and  by  this  means 
the  self-induction  may  be  varied  continuously  between  a  minimum 
and  a  maximum  value.  The  apparatus  is,  in  fact,  a  modification 
of  that  used  by  Professor  Hughes  (and  suggested  as  a  variable 
standard  of  self-induction  by  Lord  Rayleigh).  The  coils,  however, 
are  much  wider  axially  and  shallower  radially,  and  in  shape  are 
parts  of  concentric  spheres,  so  that  the  inner  coil  may  be  very  close 
to  the  outer  and  yet  be  free  to  revolve  inside  it.  By  this  means  a 
large  range  of  values  has  been  secured.  Two  scales  are  provided, 
one  reading  directly  in  quadrants  or  secohms,  and  the  other  being 
a  proportional  scale  which  is  merely  used  by  the  manu&cturer  in 


Fio.  233. 

the  calibration  of  the  instrument.  The  wire  is  of  copper,  so  that 
the  resistance  may  be  as  low  as  possible  for  a  given  value  of  the 
self-induction. 

The  range  of  the  instrument  as  made  is  usually  from  about 
•  004  to  •  040  secohms  or  henries. 

In  order  to  increase  the  range  of  the  variable  standard  it  is 
convenient  to  use  in  series  with  the  standard,  coils  of  known 
self-induction.  For  this  purpose  single  coils  can  be  used 
which  are  made  to  any  value  from  10  to  1000  millihenries.  To 
still  further  increase  the  facility  of  working,  a  box  of  four  coils 
has  been  designed,  as  shown  in  Fig.  233,  in  which  any  one,  or 
more,  of  the  coils  can  be  used,  by  unplugging  as  in  an  ordinary 
resistance  box.  The  coils  being  carefully  arranged  so  as  not  to 
interfere  with  one  another,  the  self-induction  is  simply  the  sum 
of  that  of  the  coils  unplugged.     The  usual  form  has  ooils  of  10, 
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20,  30  and  40  millihenries,  so  that  the  range  is  from  10  to  100 
millihenries. 

The  speed  at  which  the  seoohmmeter  is  driven  need  not  be 
known,  but  the  greater  the  speed  the  more  sensitive  the  test ;  the 
rate  cf  reversal  mnst  not,  however,  be  so  great  as  to  prevent  the 
currents  from  reaching  their  steady  values  between  the  consecu- 
tive reversals  of  the  battery,  an  excessive  rate  which  can  very 
seldom  be  attained  in  simple  measurements. 

Having  selected  two  resistances  in  the  ratio  arms,  balance  is 
first  obtained  for  steady  currents  by  turning  the  secohmmeter 
handle  slightly  until  contact  is  made  by  both  commutators,  and 
then  altering  the  resistance  in  the  bridge  in  the  usual  manner. 


Fig.  234. 

The  final  adjustment  is  obtained  by  moving  the  sliding  contact,  by 
which  perfect  balance  can  be  secured. 

When  the  resistance  balance  has  been  obtained,  the  commu- 
tators are  rotated  slowly,  and  balance  is  again  restored  by  turning 
the  handle  of  the  variable  standard,  Fig.  232.  It  will,  however, 
probably  be  found  that  at  the  first  attempt,  balance  cannot  be 
obtained  by  the  variable  standard,  as  the  self-induction  of  the  coil 
tested  may  be  outside  the  limits  of  the  standard.  This  can  be 
determined  by  turning  the  variable  standard  to  its  extreme  posi- 
tions in  both  directions  while  the  commutators  are  rotated.  If 
these  two  positions  give  deflections  in  opposite  directions,  balance 
can  be  secured  at  some  point  of  the  range  ;  but  if  both  deflections 
are  in  the  same  direction,  the  self-induction  of  the  coil  is  either 
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below  the  lowest  of  the  standard  or,  more  probably,  greater  than 
its  highest  value,  and  balance  must  be  got  either  by  altering  the 
ratio  coils  of  the  bridge  and  repeating  the  above  operations,  or  by 
the  employment  of  auxiliary  fixed  standards  of  self-induction  to 
increase  the  range  of  the  variable  standard. 

When  taking  the  finalr  eading,  it  is  advisable  to  run  the  commu- 
tators at  a  fairly  high  speed  to  gain  sensitiveness,  and  it  is  also 
desirable  when  the  reading  has  been  obtained,  to  disturb  balance 
slightly,  so  as  to  be  certain  that  contact  is  maintained.  In  all  such 
tests  it  is  necessary  that  the  connections  should  be  as  short  and 
straight  as  possible,  and  that  the  coil  tested  should  be  kept  as  far 
away  as  convenient  from  the  standard.  If  an  auxiliary  self-induc- 
tion box  is  used  in  series  with  the  standard  it  should  also  be  kept 
at  a  distance. 

To  Compare  Two  Capcunties, 

Join  up  the  apparatus  as  in  Fig.  234,  then  balance  will  be 
obtained  on  rotating  the  commutators,  wlien 

*•»  ~  r/ 

F^  and  F,  being  the  capacities  of  the  condenserp,  and  r^  and  r,  the 
resistances  of  the  non-inductive  branches  of  the  bridge.  As 
before,  increasing  the  speed  at  which  the  commutators  are  driven 
merely  increases  the  sensibility  of  the  test  without  affecting  the 
ratio  connecting  the  capacities  with  the  resistances. 

In  similar  ways  two  coefficients  of  mutual  induction  may  be 
compared  with  one  another,  or  a  coefficient  of  mutual  induction 
with  a  coefficient  of  self-induction,  or  either  of  these  coefficients 
with  the  capacity  of  a  condenser  shunted  by  a  non-inductive  resist- 
ance. The  coefficient  of  self-induction  of  a  coil  may  also  be  found 
absolutely  by  knowing  the  speed  at  which  the  seoobmmeter  is 
run. 

To  Measure  tJie  Beaiatance  of  a  Polarimhle  Electrolyte, 

Measure  the  resistance  in  the  ordinary  way  with  a  bridge,  but 
connect  the  galvanometer  and  battery  to  the  bridge  through  the 
commutators,  instead  of  direct ;  and  using  the  higher  npeed  ratio 
for  the  gearing,  turn  the  handle  at  the  highest  convenient  speed 
while  taking  a  reading. 

It  is  important  that  the  commutators  be  set  so  as  to  make  and 
break  as  nearly  as  possible  simultaneously. 
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634.  Mr.  J.  E.  Taylor  (of  the  Engineer-in-chief  s  Office,  General 
Post  Office),  who  has  had  large  experience  of  the  secohmmeter, 
makes  the  following  obeeryations  with  reference  to  the  use  of  the 
instrument : — 

The  ordinary  form  of  Wheatstone  Bridge  mnst  not  be  used,  as 
its  coils  are  not  neutral  in  respect  to  capacity  or  self-indnction. 
A  very  convenient  form  of  auxiliary  apparatus,  arranged  as  a 
Wheatstone  Bridge  with  high  resistance  coils  and  •  a  slide  wire, 
is  one  that  consists  of  two  similar  3-dial  sets,  with  unit,  ten,  and 
hundred  ohm  coils,  and  of  ratio  arms,  galvanometer  and  battery 
keys.  There  is  also  a  separate  box  of  high-resistance  coils  of 
1000,  2000,  3000,  4000,  and  10,000  ohms,  specially  wound  in  the 
manner  stated  below,  and  a  slide  wire  also  in  a  separate  box.  This 
box  of  high-resistance  coils  and  the  slide  wire  can  then  be  used  in 
coDJunction  with  either  of  the  two  sets  of  dials. 

It  is  very  necessary  to  check  the  resistance  coils,  especially  the 
higher  ones,  for  capacity  effects  between  ingoing  and  outcoming^ 
wires  or  between  layer  and  layer.  Thus,  it  will  invariably  be 
found  that  high-resistance  bobbins,  say  1000  ohms  and  upwards, 
which  are  wound  non-inductively  in  the  ordioary  way,  will  have 
so  much  capacity  between  the  ingoing  and  outcoming  wires  as  to 
seriously  affect  any  measurements,  if  used  indiscriminately  with 
this  apparatus.  For  this  reason  these  coils  should  either  be  dis- 
tributed on  a  large  number  of  small  bobbins,  or  should  be  singly 
wound  with  the  direction  of  winding  reversed  at  the  commence- 
ment of  each  layer ;  this  keeps  the  outgoing  and  incoming  wires, 
which  have  a  comparatively  high  difference  of  potentials  between 
them,  well  apart.  To  check  these  capacity  effects,  a  series  of 
observations  should  be  taken  with  all  self-induction  coils  ex- 
cluded from  the  bridge,  but  with  the  secohmmeter  joined  up  as 
for  a  self-induction  measurement.  It  is  then  best  to  proceed  as 
follows. 

Use  a  testing  battery  of  five  or  six  volts  and  first  test  the  ratio 
arms  set  at  say  1:10.  Balance  these  arms  in  the  two  sets  of  dials 
in  the  ordinary  way,  using  only  low  resistance  coils  in  each.  Then 
rotate  the  commutators  rapidly  and  note  whether  the  galvano- 
meter remains  undeflected.  If  the  latter  is  the  case  the  coils  used 
are  correct.  Next  make  tests  in  the  same  way  with  all  the  other 
ratios,  viz.  1 :  100,  10:1  and  100 : 1.  After  this  has  been  done, 
test  in  a  similar  manner  the  separate  coils  in  the  high  resistance 
box  joining  it  up  in  series  with  one  of  the  sets  of  dials  for  the 
purpose.  Any  want  of  inductive  neutrality  will  always  be  neg- 
ligible in  coils  of  100  ohms  or  less. 
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Some  importanoe  mast  be  attached  to  the  correct  setting  of  the 
galvanometer  and  battery  oommntators  on  the  secohm meter  itself, 
as  otherwise  small  changes  of  resistance  in  the  bridge,  or  want  of 
exact  resistance  balance,  may  produce  serions  error  in  the  measure- 
ment of  self-induction.  To  effect  this  correct  setting,  all  self- 
induction  should  be  excluded  from  the  bridge,  and  after  adjusting 
the  arms  with,  say,  100  ohms  in  each,  and  using  equal  ratios,  the 
balance  should  be  upset  by  adding,  say,  one  ohm  in  one  of  the  arms, 
and  then  the  commutators  should  be  rotated  as  before.  If  the  com- 
mutators are  not  accurately  set  the  galvanometer  will  be  deflected, 
owing  to  the  duration  of  the  reversal  contacts  with  the  battery 
beitjg  unequal.  By  turning  one  or  other  of  the  commutators,  little 
by  little,  the  correct  adjustment,  which  gives  no  deflection,  can  be 
found.  With  such  adjustment  a  small  error  in  resistance  balance 
is  of  no  moment  in  the  self-induction  measurement,  as  the  current 
strength  in  the  arms  containing  the  unknown  and  the  standard  of 
•self-iuductii^n  is  but  very  slightly  affected  by  a  small  want  of 
balance,  and  the  discharge  due  to  self-induction  is,  in  coils  not 
having  iron  cores,  strictly  proportional  to  the  current  strength. 

It  should  be  remarked  that  when  using  a  reflecting  galvano- 
meter of  high  sensibility,  a  small  deflection  will  be  obtained  with- 
out depressing  the  galvanometer  key,  if  the  oommutators  be  rotated 
rapidly.  This  deflection  produces  little  or  no  error  in  measure- 
ments, as  when  the  galvanometer  key  is  depressed  it  is  rendered 
inoperative,  or  nearly  so.  The  deflection  is  due  to  two  causes : 
flrst  and  chiefly,  to  the  electiification  and  diselectriflcation  (as  the 
battery  reversals  take  place)  of  the  insulating  surfaces  of  the 
bridge,  and  of  the  commutators,  where  terminals  or  contact  pieces 
connected  to  the  galvanometer  are  fixed ;  secondly,  to  the  electro- 
static capacity  of  the  leads  from  the  galvanometer  commutator 
to  the  biidge.  ThcbC  effects  can  be  minimised  by  designing  the 
apparatus  so  that  any  parts  connected  directly  to  the  galvano- 
meter reverser,  and  the  parts  on  the  reverser  itself,  have  as  little 
surface  contact  with  the  ebonite,  and  as  much  air-insulation,  as 
possible. 

It  is  advisable  when  obtaining  new  apparatus,  or  when  any 
doubt  as  to  the  accuracy  of  the  standards  (due  to  warping  or  other- 
wise) exists,  to  check  the  same  in  the  following  way : — 

Take  a  standard  condenser  shunted  by  a  resistance  given  by 
the  formula 
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where 

B  =  resistanoe  required,  in  ohms, 

L  =  Belf-indnotion  under  test  in  millihenries, 

E  =  capacity  of  standard  condenser  in  microfarads. 

Join  the  shunted  condenser  in  series  with  the  self-induction  stan- 
dard to  be  checked  and  place  the  two  in  one  arm  of  the  bridge. 
Balance  for  resistance,  and  rotate  the  commutator.  If  the  self- 
induction  standard  is  accurate,  no  deflection  will  be  produced. 
Prove  the  sensitiveness  of  the  test  by  varying  the  shunting  resist- 
ance by  a  small  amount,  and  without  upsetting  the  resistance 
balance  of  the  bridge.  Care  must  be  taken  to  use  a  standard  con- 
denser of  very  high  insulation  resistance,  and  the  shunting  resist- 
anoe coils  must  be  devoid  of  capacity  effects.  If  this  is  not  the 
case  the  test  is  of  no  value. 

The  shunted  condenser  can  also  be  used,  either  separately  or 
in  conjunction  with  the  self-induction  standards,  for  extreme 
measurements  of  very  high  or  very  low  self-induction ;  or  it  can 
take  the  place  of  the  standards  entirely,  at  the  sacrifice,  however, 
of  direct  reading  and  quick  balancing. 

It  is  necessary  when  using  high  resistance  shunts  with  the  con- 
denser to  ascertain  that  the  commutator  is  not  being  rotated  at  too 
high  a  speed.  This  is  best  done  by  lowering  the  speed  and  noting 
if  the  result  is  the  same  as  before. 

For  the  measurements  of  self-induction  coefiScients  of  coils 
without  iron  cores  and  devoid  of  reactance  due  to  mutual  induc- 
tion, the  resistance  of  the  coils  not  being  very  excessive,  the 
instrument  is  dead-accurate.  With  iron-cored  coils  the  measure- 
ments may  often  be  affected  somewhat  by  eddy-current  effects  in 
the  cores,  if  the  latter  are  solid. 

Under  any  circumstances  the  current  flowing  through  the  coils 
under  test  should  be  recorded,  but  especially  when  iron  core  coils 
are  being  measured,  as  in  such  cases  the  self-induction  coefficient 
varies  with  the  current  strength. 

Strictly  speaking  the  apparatus  measures  the  total  "  magnetic 
flux  per  unit  current  strength  "  in  the  coil  under  test,  rather  than 
the  "  coefficient  of  self-induction."  Consequently  where  mutual 
inductance  reactions  come  into  play,  the  measurement  is  no  longer 
thai  of  the  coefficient  of  self-induction.  This  renders  measure- 
ments of  coils  with  metallic  bobbins  or  checks  misleading,  unless 
due  allowance  be  made. 
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A  Method  of  Deteriuninq  the  Belative  Positions,  and  the 
Top  and  Bottom  Ends,  of  sevebal  Cables  in  a  Tank. 

635.  In  the  event  of  the  ends  of  several  sections  of  cable,  of 
similar  type  and  in  the  same  tank,  being  either  marked  wrongly,  or 
their  labels  being  defaced  or  detached,  it  is  important  to  have  some 
certain  method  of  ascertaining  the  locality  of  the  top  and  bottom 
end  of  each  section,  so  that  no  mistake  can  be  made  when  splicing 
one  section  to  another  prior  to  paying  out.  Also,  in  the  event  of 
no  records  being  available  of  the  order  in  which  several  sections 
were  coiled  down  into  a  tank,  some  reliable  means  of  ascertaining 
their  relative  positions  in  the  tank  is  desirable.  These  difficulties 
are  met  by  Mr.  H.  W.  Sullivan  in  the  following  manner. 

To  Determine  the  Belative  Poeitions  of  Several  Lengths, 

1.  "Trace  all  ends  in  the  tank  by  means  of  a  detector  and 
battery,  and  mark  them  in  pairs  1-1,  2-2,"  &o.  This  would  be 
best  done  by  a  conductor  resistance  test,  so  as  to  obtain  at  the  same 
time  the  approximate  length  of  each  piece,  for  reasons  mentioned 
further  on. 

2.  Connect  up  the  top  section  (the  ends  of  which  are  always 
traceable  by  sending  a  man  down  into  the  tank)  in  circuit  with 
a  small  battery  (say  three  cells)  and  a  *'  make  and  break  *'  key, 
first  looping  together  in  pairs  the  ends  of  the  other  cables.  At  the 
instant  of  making  battery  contact  so  as  to  complete  the  circuit  of 
the  top  section,  which  may  be  called  the  primary  coil,  a  more  or 
less  momentary  current,  in  the  opposite  direction,  will  be  induced 
in  the  other  cables — each  acting  as  a  secondary  coil ;  but  distance 
being  a  factor  in  induction,  this  induced  current  will  be  strongest 
in  the  cable  immediately  underneath  the  top  piece,  and  weakest  in 
that  farthest  away  from  it. 

In  the  case  of  three  cables.  A,  B,  and  C,  the  relative  lengths  of 
the  pieces  may  possibly  be  such  that  the  inductive  effect  in  C 
might  be  greater  than  in  B,  i.e.  C  might  be  of  such  length  as 
compared  with  B  as  to  more  than  make  up  for  the  closer  proximity 
of  B  to  A,  thus  erroneously  indicating  A  and  C  to  be  adjacent 
lengths.  To  avoid  possible  error  of  this  kind,  the  induced  current 
is  measured  under  two  conditions ;  firstly  with  the  ends  of  all  the 
other  cables  looped,  and  secondly  with  all  ends  free.  Should  the 
supposed  second  section  from  the  top  of  the  tank  be  really  the  one 
immediately  below  the  top  section,  the  current  induced  in  it  will 
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be  the  same  in  each  case ;  but  should  a  length  intervene,  the  effect 
of  looping  the  intervening  length  will  be  to  diminish  the  induced 
discharge  in  what  was  sujppoaed  to  be  the  second  uection,  the  inter- 
posed looped  cable  appearing  to  act  as  a  partial  screen  to  the 
inductive  energy  given  out  by  the  top  section. 

The  second  cable  in  the  tank  haviag  been  thus  located,  it  is 
then  in  its  turn  treated  as  the  primary,  and  the  third  cable  is 
similarly  ascertained,  and  so  on.  In  this  way,  be  the  relative  lengths 
what  they  may,  the  positions  of  the  several  cables  are  determinable 
with  certainty. 

To  Identify  the  Top  and  Bottom  Ends, 

First  Method. — Join  up  cable  A  (as  the  primary)  in  circuit 
with  a  key  and  battery  and  a  shunted  galvanometer,  and  note  the 
direction  of  the  deflection  (D),  and  also  observe  to  which  terminal 
of  the  galvanometer  the  top  end  of  the  cable  is  connected.  Next 
remove  the  galvanometer,  leaving  only  the  battery  and  key  in  the 
primary  circuit,  and  join  the  two  ends  of  the  secondary  cable  B,  to 
the  same  galvanometer,  and  at  the  moment  of  making  battery 
contact  again  through  A,  note  on  the  galvanometer  the  direction  of 
the  current  (d)  induced  in  B. 

If  D  and  d  are  in  opposite  directions,  the  ends  of  cables  A  and 
B  have  been  correspondingly  joined  up  to  the  galvanometer 
terminals ;  that  is,  the  top  end  of  each  will  have  been  connected 
to  the  same  terminal ;  but  if  D  and  d  are  in  the  same  direction, 
the  ends  of  B  will  have  been  reversed  to  those  of  A.  B  is  then 
made  the  primary,  and  the  ends  of  C  are  similarly  identified. 

Second  Method, — The  above  method  of  identifying  ends  depends 
on  the  assumption  that^both  the  top  section  and  other  lengths 
of  cable  to  be  compared  with  it  are  coiled  in  the  same  direction, 
which  is  generally  the  case.  For  certain  special  reasons,  how- 
ever, this  may  not  always  be  so,  and  therefore,  to  meet  such 
altered  conditions,  Mr.  Sullivan  has  devised  a  second  test.  This 
is  based  upon  the  fact  that  upon  charging  a  cable,  the  distant 
end  does  not  at  once  assume  the  full  potential,  and  an  induced 
current  must  necessarily  follow  the  same  law.  The  primary  cable 
is  charged  as  before,  and  the  current  induced  thereby  in  the 
secondary  is  measured  first  at  one  end  and  then  at  the  other,  the 
distant  end  being  free  in  each  instance,  and  the  galvanometer 
being  connected  between  the  end  of  the  cable  and  the  tank.  The 
end  of  the  cable  from  which  the  greatest  deflection  is  obtained  is 
the  top  end. 
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Proof  of  the  PRiKaPLB  of  the  Wheatstonb  Bridge. 

636.  Let  a,  5,  a;,  d  be  the  fonr  arms  of  tbe  bridge;  g  the 
galvanometer,  and  E  the  battery ;  and  let  V  be  the  potential  at 
the  point  A«  This  potential  V  will  &11  regularly  along  the 
resistances  forming  the  arms  of  the  bridge  down  to  B,  at  which 


Fig.  235. 


point  it  may  be  taken  to  be  zero.  When  balance  is  effected,  then 
the  potentials  at  the  two  terminals  of  the  galvanometer  will  be  the 
same,  let  each  of  these  potentials  be  v,  we  then  have  the  following 
proportions : — 

V  :  V  : :  a  +  a  :  0?, 
and 

therefore 


or 


that  is 
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Suluvan's  Univebsal  Shumt. 


637.  For  use  with  his  well  known  galvanometer  (page  70), 
Mr.  Sullivan  has  designed  a  special  universal  shunt  of  the  Ayrton- 
Mather  form  (page  96),  in  which  he  applies  the  principle  of  the 
Thomson- Varley  slide  resistances  (page  231),  with  the  result  that 
a  very  fine  degree  of  subdivision  is  obtained. 

The  ordinary  universal  shunt  gives  only  a  limited  number  of 

ratios,  while  each  of  the  101  coils  of  lOOO*'  each  in  the  Thomson- 
Yarley  slide  is  only  subdivisible  into  100  equal  parts. 

In  the  Sullivan  shunt,  only  11  (instead  of  101)  coils  of  1000"*  each 
are  employed  and  the  subdivision  is  carried  down  to  one  ohm,  a 
very  wide  range  of  ratios  or  multiplying  powers  being  consequently 
attained. 

Fig.  236  shows  the  theoretical  connections  of  this  shunt  box. 
The  actual  connections  are  made  by  means  of  sliding  contacts  over 


Fio.  236. 


the  studs  of  the  four  sets  of  coils,  No.  1  set  of  which  contains 

11  coils  of  1000*  each,  No.  2,  11  coils  of  200^  No.  8,  11  coils 

of  40^  and  No.  4, 10  coils  of  8**  each. 

Two  sliding  contact  springs,  insulated  from  each  other,  ride  over 
and  embrace  two  coils  of  Nos.  1,  2  and  3  sets,  and  each  pair  of 
coils  80  embraced  is  permanently  in  parallel  with  all  the  coils  in 
the  next  lower  set.  No.  4  sliding  contact  is  a  single  one.  Thus 
we  have  derived  circuit  upon  derived  circuit,  the  function  and  the 
action  being  similar  to  that  of  a  vernier  on  a  scale,  only  that  the 
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Hubdi vision  is  carried  further,  as  each  1000*  coil  can  be  subdivided 
by  means  of  the  second  set  of  coils  into  10  equal  parts,  by  means 
of  the  third  set  of  coils  into  100  equal  parts,  and  finally  by  means 
of  the  fourth  set  of  coils  into  1000  equal  parts. 

It  will  thus  be  seen  that  this  shunt  reads  differences  of  one  ohm, 
and  allows  of  the  flow  of  current  through  the  galvanometer  being 
regulated  with  the  greatest  degree  of  nicety.  To  ascertain  the 
ratio  or  multiplying  power  of  any  shunt  reading,  it  is  simply 
necessary  to  take  its  reciprocal  number,  the  shunt  readings  being 


Fig.  237. 


of  course  treated  as  decimals.  Thu%  for  example,  a  shunt  read- 
ing of  4554  would  be  '4554,  the  reciprocal  number  of  which  is 
2  •  19587  ;  or  the  ratio  of  the  reading  to  10,000  is, 

10,000 


4554 


=  2-19587. 


This  shunt  box  can  also  be  very  conveniently  used  as  a  pro- 
portional bridge  in  resistance  measurements,  or  to  serve  as  the 
resistances  in  Thomson's  electrostatic  capacity  test  (page  369). 

It  should  be  mentioned  that  the  box  contains,  in  addition  to 

the  other  resistances,  an  independent  coil  of  100,000*  which  forms 
a  very  convenient  standard  for  the  comparison  of  high  resistances 
by  the  direct  deflection  method  (page  404),  or  for  locEilising  fistults 
in  cables  by  the  fall  of  potential  test  (page  431). 

Fig.  237  Hhows  the  actual  form  in  which  the  shunt  box  is 
made. 
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Testing  Dry-Core  Cables. 

638.  The  testiDg  of  dry-core  cables — i.e.  cables  with  the  con- 
ductors insulated  with  paper,  and  enclosed  in  lead  piping — involves 
somewhat  elaborate  arrangements  in  order  to  ensure  the  testing 
being  satisfactorily  and  quickly  carried  out.  As  some  dry-core 
cables  have  as  many  as  600  wires,  the  insulation,  (fee,  of  each  of 
which  has  to  be  measured,  the  necessity  of  a  systematic  arrange- 
ment by  which  the  tests  can  be  rapidly  made  is  obvious. 

639.  In  the  case  of  short  lengths  of  less  than,  say  440  yards,  a 
readable  deflection  can  rarely  be  obtained  on  any  single  wire  of  the 
cable,  even  with  the  most  delicate  form  of  mirror  galvanometer  and 
the  highest  battery  power  which  it  would  be  safe  to  use.  It  has, 
therefore,  become  the  practice  to  join  the  wires  in  certain  groups 
when  testing  at  the  cable  works,  these  groups  being  so  arranged 
as  to  provide  the  longest  possible  length  of  conductor  in  the  short 
length  of  cable,  with  due  regaid  to  the  provision  of  a  completely 
satisfactory  test. 

It  being  necessary  to  ascertain  the  insulation  of  each  wire  from 
every  other  wire  of  the  cable  with  which  it  is  physically  possible 
for  it  to  be  in  contact,  no  wire  may  be  tested  in  the  same  group 
as: — 

(a)  Its  companion  wire  in  the  same  pair. 

(6)  Either  wire  of  the  pair  on  either  side  of  it  in  the  same 
layer. 

(d)  Any  wire  of  the  layer  above  or  beneath  that  of  which  it 
forms  a  part. 

Taking  the  case  of  the  74-wire  cable.  Fig.  238,  for  example,  the 
following  wires  can  be  tested  together  in  the  outside  layer  : — Nos. 
39,  43,  37,  61,  66,  69,  63,  67  and  71,  provided  the  wires  which  lie 
between  them  in  the  same  layer  are  to  earth  whilst  the  test  is 
being  taken.  With  these  can  be  tested  in  the  same  group,  the 
wires  numbered  3,  7,  and  11,  provided  all  the  remaining  wires  in 
the  same  layer,  and  all  the  wires  in  the  second  layer,  are  to  earth 
whilst  the  test  is  being  made. 

Similarly,  the  following  wires  in  the  second  layer  can  be  tested 
together,  viz. : — Nos.  16,  19,  23,  27,  31,  andl36,  and  with  them  can 
be  associated  No.  1  from  the  centre  pair,  provided,  as  before,  that 
all  the  other  wires  in  the  cable  are  to  earth  whilst  the  test  is  being 
made,  and  the  same  remark  applies  to  the  next  row  of  wires,  thus 
forming  two  groups  of  seven  wires  each.  The  remaining  two 
groups  must,  consist  of  six  wires  only,  as  no  wires  are  left  to  test 
with  which  to  associate  them. 
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It  will  be  seen  then  that  a  oomplete  test  can  be  made  of  a  74- 
wire  cable  by  anuDging  the  conductors  as  follows  : — 
4  groups  of  12  wires  each  ; 

^  »»  •         »> 

2  „  6 


FiCk  238. 

In  the  same  way  a  54-wire  cable  can  be  tested  in — 
4  groups  of  8  wires  each ; 
4        ,.  4        „ 

2         „  2         „ 

2  single  wires. 
With  a  30-wire  cable  the  necessary  tests  are  actually  more 
numerous,  as  the  eight  wires  forming  the  four  central  pairs  must 
all  be  tested  separately,  it  being  possible  for  any  one  of  them  to  be 
in  contact  with  any  of  the  seven  remaining  wires ;  also  two  of  the 
wires  in  the  outer  layer  of  the  cable  must  also  be  tested  separately, 
but  the  remaining  wires  of  the  outer  layer  can  be  tested  in  four 
groups  of  five  wires  each.  Fourteen  tests  are,  in  fact,  actually 
necessary  to  prove  the  insulation  of  the  30  wires. 

On  the  other  hand,  the  larger  cables  do  not  involve  a  corre- 
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sponding  increaBe  in  the  nnmber  of  tests  necessary.  Thus,  the  122, 
182,  254,  338,  434,  and  542  wire  cables  can  each  be  fully  tested  by 
means  of  eight  tests,  in  the  same  way  as  in  the  case  of  the  74-wire 
cable;  the  additional  layers  would  in  this  case  be  each  formed 
into  four  groups  of  wires,  each  group  being  tested  with  a  group  in 
another  layer  not  immediately  contiguous  to  it :  in  the  same  way, 
in  fact,  as  the  wires  in  the  third  layer  were  added  to  the  wires  in 
the  first  layer  in  the  example  before  given.  For  instance,  in  a 
542-wire  cable  the  wires  in  the  first,  third,  fifth,  seventh,  ninth, 
and  eleventh  layers  could  be  tested  together,  forming  four  groups 
consisting  of  75  wires  each ;  the  wires  in  the  second,  fourth,  and 
sixth  layers  would  be  formed  into  four  groups  of  60  wires  each, 
and  to  each  of  two  of  these  groups  would  be  added  a  single  wire 
from  the  central  pair,  the  entire  cable  thus  being  tested  in: — 
4  groups  of  75  wires  each,  2  groups  of  62  wires  each,  and  2  groups 
of  60  wires  each. 

The  same  principle  applies  to  the  other  standard  types  of 
larger  size,  viz.  96,  150,  216,  294,  384,  486,  and  600  wire  cables; 
but  in  consequence  of  each  of  the  layers  having  an  odd  number  of 
pairs  the  arrangement  will  have  to  be  somewhat  different. 

The  general  method  of  testing  will  be  made  clear  by  describing 
in  detail  the  most  convenient  arrangement  of  the  cable  for  the 
purpose  of  making  the  test. 

Preparation  of  Oahlefor  Testing, 

640.  The  ends  having  been  sawn  off,  the  sheathing  is  carefully 
cut  by  means  of  pipe-cutters,  about  15  inches  from  the  sawn  end, 
and  then  pulled  of,  leaving  the  stranded  conductors  bare. 

Cord  is  now  tied  around  the.  outside  layers  close  to  the  end  of 
the  sheathing,  and  the  alternate  pairs  of  the  layer  are  bent  up  at 
right  angles,  the  two  bottom  pairs  forming  a  diameter  across  the 
end  of  the  cable,  and  with  the  remaining  pairs  forming  a  fan- 
shaped  structure. 

The  remainder  of  the  cable  is  now  tied  with  string,  about  one 
and  a  half  inch  nearer  the  end,  and  the  remaining  pairs  of  the 
outer  layers  are  also  bent  out  at  right  angles  to  their  normal  direc- 
tion into  a  similar  fan-like  formation. 

A  third  tie  with  string  is  now  made  around  the  next  layer  of 
the  cable,  one  and  a  half  inch  from  the  former  tie,  and  the  alter- 
nate pairs  of  this  layer  are  bent  out  as  before.  After  a  fourth  tie 
has  been  made^  this  process  is  repeated  with  the  remaining  pairs 
of  that  layer. 

The  remaining  layer  of  the  cable  is  twice  tied  with  strings. 
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and  its  six  pairs  bent  out  alternately  as  before,  the  central  pair 
being  left  unbent,  and  oconpying  its  normal  position. 

Each  pair  is  now  divided  abont  two  inches  from  the  end,  and, 
the  individual  conductors  being  separated  by  about  one  inch,  the 
paper  insulation  is  removed  for  about  half  an  inch,  and  the  con- 
ductors themselves  are  cleaned.  The  separation  is  made  in  the 
direction  of  the  original  line  of  the  conductors,  that  is,  in  line 
with  the  cable  itself,  and  the  end  so  prepared  is  then  ready  for 
wiring  in  parallel  lines  to  form  the  eight  groups  of  conductors 
referred  to  above,  forming  semicircles  of  diminishing  radii  from 
the  outer  layer  towards  the  centre.  At  the  end  of  each  row  of 
conductors  a  tailpiece  of  binding  wire  is  left  for  connecting  the 
groups  together,  so  as  to  secure  either  the  tested  group,  or  the 
remaining  groups  bunched  for  connection,  to  the  sheathing  as 
earth. 

The  free  end  of  the  cable,  as  tested  at  the  factory,  is  simply 
stripped  for  a  few  inches,  and  the  pairs  are  carefully  separated  out 
so  as  to  ensure  that  no  small  pieces  of  thread  or  string  shall  bridge 
the  conductors. 

TeBting. 

641.  In  order  to  test  the  insulation  resistance  of  dry-core  cables 
a  high  battery  power  and  a  delicate  galvanometer  are  requiHite, 
even  when  the  conductors  are  arranged  in  groups,  as  the  insulation 
resistance,  after  1  minute  electrification,  should  never  be  less  than 
10,000  megohms  per  mile  at  a  temperature  of  not  less  than  50°  F., 
and  it  frequently  reaches  ten  times  that  figure  when  the  cables 
leave  the  factory.  The  rate  of  electrification  is  less  than  that  of 
gutta-percha. 

The  grouped  ends  must  be  well  covered  with  hot  paraffin  wax. 

Electrostatic  Capacity, 

642.  It  may  be  added  that  the  electrostatic  capacity  of  each 
wire  in  a  dry-core  cable,  measured  against  all  the  remaining  wires 
of  the  cable,  and  with  the  lead  sheathing  as  earth,  does  not  exceed,  in 
the  case  of  20-lb.  and  40-lb.  conductors,  *  08  microfarad  per  mile,  and 
in  the  case  of  150-lb.  conductors,  *1  microfarad  per  mile;  the  tem- 
perature of  the  cable  during  the  test  being  not  less  than  50°  Fahr. 

The  mean  electrostatic  capacity  from  toire  to  voire  of  each  pair 
in  any  length  of  cable  (all  the  wires  in  the  cable,  and  the  testing 
battery  and  apparatus  being  insulated)  should  not  exceed  70  per 
cent,  of  the  mean  wire-to-earth  capacity,  this  latter  capacity  being 
measured  as  just  described. 
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Table  IL*— BxsxarANOB  or  ▲  Khot-pound  of  Cofpeb  Wmm  of  vabioc9 
Goxn>T7onYiTiB8,  AT  75°  Fabb.,  IK  Stamdabd  Ohms. 


Percentage 

of  Con. 
ductivlty. 

Beatatanoe. 
8.  Ohms. 

PeroenUge 

ofCon- 
ducUvliy. 

RedaUnoe. 
8.0hma. 

PeroecUge 

of(}on- 
ducUvlty. 

1 
BeeliUnce. 
S-Ohma. 

Percentage 

ofOon- 

ductivi^. 

B«aiatanoe» 
&Ohms. 

1050 

1126-7 

102-0 

1159-9 

99-0 

1195-0 

96-0 

1232-4 

104-9 

1127-8 

101-9 

1161-0 

!     98-9 

1196-2 

95-9 

1233-7 

104-8 

1128-9 

101-8 
101-7 

1162-1 

98-8 

1197-4 

95-8 

1234-9 

104-7 

1129-9 

1168-8 

98-7 

1198-7  ' 

95-7 

1236- a 

104-6 

11810 

101*6 

1164-4 

98-6 

1199-9 

95-6 

1237-5. 

104-5 

1182-1 

101-5 

1165-6 

98-5 

1201-0 

95-5 

1238-8 

104-4 

1133-2 

1  101-4 

1166-7 

98-4 

1202-3 

95-4 

1240- 1 

104-8 

1134-8  .   101-8 

1167-9 

98-8 

1203-5 

95-3 

1241-4 

104-2 

1185-4 

101-2 

1169-0 

98-2 

1204-7 

95-2 

1242-7 

104-1 

1136-4 

1  101-1 

1170-2 

1    981 

1206-0 

1 

95-1 

1244 -a 

104-0 

1187-6 

1  101-0 

1171-8 

980 

1207-2  1 

950 

1245-a 

103-9 

1138-7 

j  100-9 

1172-5 

97-9 

1208-4 

94-» 

1246-6. 

103-8 

1139-8 

'  100-8 

1173-7 

1    97-8 

1209-7 

94-8 

1248-(K 

103-7 

1140-8 

100-7 

1174-8 

97-7 

1210-9 

94-7 

1248- 1 

103-6 

11420 

100-6 

1176-0 

97-6 

1212-2 

94-6 

1250-6 

103-5 

1143-1 

100-5 

1177-1 

97-5 

1218-3 

94-5 

1251 •» 

103-4 

1144-1  1    100-4 

1178-3 

97-4 

1214-6 

94-4 

1253-2 

103-8 

1145-2  jj  100-3 

1179-5 

97-3 

1215-8 

94-8 

1254-5- 

108-2 

1146-4  '   100-2 

1180-7 

97-2 

1217-1 

94-2 

1255-^ 

103-1 

1147-4   1  100-1 

1181-9 

97-1 

1218-4 

94-1 

1257-2 

103  0 

1148-6  '   100-0 

1183-1 

97-0 

1219-6 

94-0 

1258-5 

102-9 

1149-7   1    99-9 

1184-2 

96-9 

1220-9 

93-9 

1259-^ 

102-8 

1150-9   1    .99-8 
1151-9   :    99-7 

1185-4 

96-8 

1222-2 

93-8 

1261 -a 

102-7 

1186-6 

96-7 

1223-4 

93-7 

1262-6 

102-6 

1158-1  ||     99-6 

1187-8 

96-6 

1224-7 

98-6 

1264-0 

102-5 

1154-2        99-5 

1189-0 

96-5 

12260 

93-5 

1265 -a 

102-4 

1155-3   1     99-4 

1190-2 

96-4 

1227-2 

93-4 

1266-7 

102-3 

1156-4  jj     99-8 
1157-6  !l     99-2 

1191-3 

1    96-3 

1228-5 

93-8 

1268-0 

102-2 

1192-5 

1     96-2 

1229-8 

93-2 

1269-4 

102-1 

1158-7        991 

1193-8 

96-1 

1 

1281  1 

931 

1270-7 

Reaifltanco  of  *•  statute-raile-pound "  equals 
multiplied  by    752422.  log.  ••; 

♦  See  pnge  459. 
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Tablk  IV.»— Clark,  Fobdb  and  Taylor's  Corppioients  for  Corrbotino  the 
Obberved  Rbsistanob  op  High  Conductivity  Copheb  Wire,  at  any  Tem- 
perature, TO  75°  Pahr.,  or  at  75°  to  any  Tempebatubb. 


Temp. 
F*hr. 

Co- 
efficient. 

Logarithm. 

Temp. 
F&br. 

Co- 
efficient. 

Logarithm. 

Temp. 
Fahr. 

Co-    , 
efficient  ^ 

ugaritbm. 

85 

•9787 

!•  99063 

67 

I'om 

•00762 

49 

•0598 

•02521 

84-5 

•9797 

•99109 

665 

roi88 

•00810 

48-5 

0610 

•02571 

84 

•9808 

•99156 

66 

1-0200 

•00858 

48 

0622 

•02621 

83-5 

•9818 

-99202 

65-5 

1^0211 

•00906 

47-5 

0634 

•02670 

83 

•9829 

•99249 

65 

10222 

•00955 

47 

0646 

•02720 

82-5 

•9839 

•99295 

64-5 

10233 

•01003 

46-5 

0659 

•02770 

82 

•9850 

-99342 

64 

10245 

•01051 

46 

0671 

•02820 

81-5 

•9861 

•99389 

635 

1^0257 

•01099 

45-5 

0683 

02870 

81 

•9871 

•99436 

63 

1-0268 

•01148 

45 

0695 

02920 

80-5 

•9882 

•99482 

625 

1-0279 

•01196 

44-5 

0708 

02970 

80 

•9892 

•99529 

62 

1-0291 

•01245 

44 

0720 

03021 

79-5 

•9903 

•99576 

61^5 

r0302 

•01293 

435 

0733 

03071 

79 

•9914 

•99623 

61 

1^0310 

•01324 

43 

0745 

03121 

78-5 

•9924 

-99670 

60^5 

r0325 

•01390 

42-5 

0757 

03171 

78 

•9935 

•99717 

60 

10337 

•01439 

42 

0770 

03222 

77-5 

•9946 

•99764 

59^  5 

10349 

•01487 

41-5 

0783 

03272 

77 

•9950 

•99811 

59 

r0360 

•01536 

41 

0795 

03323 

76-5 

•9967 

•99858 

585 

1^0372 

•01585 

40-5 

0808 

03373 

76 

•9978 

•99905 

58 

r0384 

•01634 

40 

0821 

03424 

75-5 

•9989 

•99952 

57-5 

1-0395 

•01683 

395 

0833 

03475 

75   ] 

I  0000 

•00000 

57 

1-0407 

•01732 

39 

0846 

03526 

74-5  ] 

[•0011 

-00047 

56^5 

r0419 

•01781 

38^5 

0858 

03576 

74 

1-0022 

-00095 

56 

1^0430 

•01830 

38 

0871 

03627 

73-5 

1-0033 

•00142 

555 

r0442 

•01879 

375 

0884   ■ 

03678 

73 

[•0044 

•00189 

55 

10454 

•01928 

37 

0897 

03729 

72-5 

1-0055 

•00236 

54-5 

10466 

•01977 

365 

0910 

03780 

72 

1-0066 

•00284 

54 

1-0478 

•02026 

3J 

0922 

03831 

71-5 

1-0077 

•00332 

53-5 

1-0490 

•02075 

35-5 

0935 

03882 

71 

1-0088 

•00380 

53 

1-0501 

•02125 

35 

0948 

03933 

70-5  ] 

1-0099 

•00427 

52-5 

1-0513 

•02174 

31-5 

0961 

•03984 

70 

l-OllO 

•00475 

52 

1-0525 

•02223 

31 

0974 

•04036 

69-5 

1-0121 

•00523 

51^5 

1-0537 

•02272 

33-5 

0987 

•04O87 

69 

1-0132 

•00571 

51 

1-0549 

•02322 

33 

1000 

•04138 

68-5  ] 

1-0144 

•00618 

50-5 

1-0561 

•02372 

32-5 

1013 

•04189 

68 

1-0155 

•00666 

50 

1-0578 

•02422 

32 

1026 

•04241 

67-5  ] 

1-0166 

•00714 

49-5 

1-0585 

•02471 

31-5 

11039 

04292 

♦  iSee  page  467. 
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Tablk  V.^^Gosffioortb  fob  GoBBXcmHO  THE  Obbebtkd  Bbbibtangk  or ' 
towk"  Gutta-pcbcba,  at  ant  Timpbratubb,  to  75®  Fahb. 


SlLTSB- 


Temp. 
Fahr.  el 

Co-    , 

Ddent.  ' 

[iOgirtthm. 

Temp 
Faiir. 

Co.   , 

effldenL  ' 

[iogarlthm. 

Temp. 
Fthr. 

Co- 
efficient. 

Logiffltliin. 

100 

1494  1 

1744650 

77 

•8589ll 

•9339572 

54 

4-937 ( 

)-6934494 

99-5 

1552 

1909757 

76-5 

•8922 

•9504679 

53-5 

5-128 

•7099601 

99 

1612 

2074864 

76 

9267 

•9669786 

53 

5-327 

•7264708 

98-5 

1675 

2239971 

75-5 

9627 

-9834893 

52-6 

5-533 

•7429815 

98 

1740 

2405078 

^■5 

000  0 

•0000000 

52 

5-748 

•7594922 

97-5 

1807 

2570185 

039 

•0165107 

51-5 

6-970 

•7760029 

97 

1877 

2735292 

74 

079 

•0330214 

51 

6-202 

•7925136 

96-6 

1950 

2900399 

73-5 

121 

•0495321 

50-5 

6-442 

•8090243 

96 

2026 

3065506 

73 

164 

0660428 

50 

6-692 

•8256350 

95-5 

2104 

•3230613 

72-5 

209 

•0825535 

49-6 

6-951 

•8420457 

95 

2186 

3395720 

72 

256 

•0990642 

49 

7-220 

•8585564 

94-5 

2270 

3560827 

71-5 

305 

•1155749 

48-5 

7-500 

•8750671 

94 

2358 

3725934 

71 

355 

•1320856 

48 

7-791 

•8915778 

98-5 

2450 

3891041 

70-5 

408 

•1485963 

47-5 

0098 

•9080885 

93 

2545 

4056148 

70 

463 

1651070 

47 

8-406 

-9245992 

92.5 

2643 

4221255 

69-5 

519 

1816177 

46-5 

8-732 

•9411099 

92 

2746 

4386362 

69 

578 

•1981284 

46 

9  070 

•9576206 

91-5 

2852 

4551469 

68-6 

639 

•2146391 

45-5 

9-422 

•9741318 

91 

2962 

4716576 

68 

703 

2311498 

45 

9-787 

•9906420 

90-6 

3077 

4881683 

67-5 

769 

2476605 

44*5 

10-17  1 

L- 0071527 

90 

3197 

5046790 

67 

837 

2641712 

44 

10-56 

•0236634 

89-5 

3320 

5211897 

66-5 

908 

2806819 

43'5 

10-97 

•0401741 

89 

3449 

5277004 

66 

982 

2971926 

48 

11-89 

•0566848 

88-5 

3583 

5542111 

65-6 

2 

059 

8137033 

42-5 

11-84 

•0731955 

88 

3722 

5707218 

65 

2 

139 

3302140 

42 

12-29 

•08^7062 

87-5 

3866 

5872325 

64-5 

2 

222 

3467247 

41-5 

12-77 

•1062169 

87 

4016 

6037432 

64 

2 

308 

3682354 

41 

13-27 

•1227276 

86*5 

4171 

6202539 

68-5 

2 

397 

3797461 

40-6 

13-78 

•1392383 

86 

4348 

6367646 

63 

2 

490 

3962568 

40 

14-31 

•1557490 

85-5 

4501 

6532753 

62-5 

2 

587 

4126675 

39-5 

14-87 

•1722597 

85 

4675 

6697860 

62 

2 

687 

4292782 

39 

15-44 

•1887704 

84-5 

4856 

6862967 

61-5 

2 

792 

4457889 

38-5 

1604 

•2052811 

84 

5044 

7028074 

61 

2 

889 

4622996 

38 

16-66 

•2217918 

83-5 

5240 

7193181 

60-5 

3 

012 

4788103 

37-5 

17-81 

•2383025 

83 

5443 

7358288 

60 

3 

128 

4953210 

37 

17-98 

•2548132 

82-5 

5654 

7523395 

59-5 

3 

250 

5118317 

36-5 

18-68 

•2713239 

82 

5873 

7688502 

59 

3 

376 

5283424 

36 

19-40 

•2878346 

81-5 

6100 

7853609 

58-5 

3 

506 

5448531 

35-5 

20-15 

•3043453 

81 

6337 

8018716 

58 

3 

642 

5613638 

35 

20-98 

•3208560 

80-5 

6582 

8183823 

57-5 

8 

783 

5778745 

34-5 

21-74 

•3373667 

80 

6837 

8348930 

57 

8 

930 

5943852 

34 

22-59 

•3538774 

79-5 

7102 

8514037 

56-5 

082 

6108959 

33-5 

23-46 

•3703881 

79 

7378 

8679144 

56 

240 

6274066 

33 

24-37 

•3868938 

78-5 

7663 

8844251 

55-5 

405 

6439173 

32-5 

25-32 

•4034095 

78 

7960 

9009358 

55 

575 

6604280 

32 

26-30 

•4199202 

77-5 

8296 

9174465 

54-5 

4-753 

6769387 

31-5 

27-32 

•4364309 

*  See  page  471. 
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Table  VI.*  —  OoEFFioisin's  roB  GoBBBomrG  the  Obsebyed  Besutahob  of 

"WiLLOUGHBY  SMITH'S"  GUTTA-PBBOHA,  AT  ANT  TbMPBBATUBE,  TO  75^  FaHB. 


Temp. 

Co- 
eflOcient 

liOgarlthm. 

... 
Temp. 

Co- 
efficient. 

Ix)garithm. 

Temp. 

Co- 
efficient 

Logarithm. 

100 

•1992  i 

r- 2992893 

77 

•8789 

1-9439395 

54 

5-083 

0-7061201 

99-5 

•2057 

•3132343 

76-5 

•9077 

-9579423 

535 

6284 

•7229628 

99 

•2125 

•3273589 

76 

•9375 

•9719713 

53 

5  492 

•7397305 

98-5 

•2194 

•3412366 

75-5 

■9682 

'9859651 

525 

5709 

•7565600 

98 

•2266 

•3552599 

w. 

1000 

}• 0000000 

52 

5-934 

•7733475 

97-5 

•2340 

•3692159 

1039 

•0166155 

515 

6  168 

•7901444 

97 

•2417 

•3832767 

74 

1^080 

•0334238 

61 

6^412 

•8069935 

96-5 

•2497 

•3974185 

735 

1123 

•0503798 

505 

6-665 

•8238002 

96 

•2579 

•4114513 

73 

1167 

•0670709 

50 

6^928 

•8406079 

95-5 

•2667 

•4260230 

725 

1213 

•0838608 

49-5 

7  201 

•8573928 

95 

•2751 

•4394906 

72 

r261 

•1007151 

49 

7485 

•8741918 

94-5 

•2841 

•4534712 

71  5 

1296 

•1126050 

485 

7-781 

•8910354 

94 

•2934 

•4674601 

71 

1363 

•1344959 

48 

8-088 

'9078411 

93-5 

•3030 

•4814426 

705 

1-417 

•1513699 

47-5 

8^407 

•9246410 

93 

•3130 

•4955443 

70 

1-473 

•1682027 

47 

8739 

•9414617 

92-5 

•3232 

•5094714 

69^5 

1531 

•1849752 

46-5 

9^084 

•9582771 

92 

•3338 

•5234863 

69 

1591 

•2016702 

46 

9^442 

•9750640 

91-5 

•3448 

•5375673 

68-5 

1654 

•2185355 

45-5 

9-816 

-9918903 

91 

•3561 

•5515720 

68 

1719 

•2352759 

45 

10^203 

1-0087279 

90-5 

•3678 

•5656117 

675 

1-787 

•2521246 

44-5 

10^606 

•0256516 

90 

•3798 

•5795550 

67 

1-858 

•2690457 

44 

11^024 

•0423392 

89-5 

•3923 

•5936183 

66^5 

1931 

•2857823 

435 

11^460 

•0591846 

89 

•4051 

•6075622 

66 

2^007 

•3025474 

43 

11911 

•0769842 

88-5 

•4184 

•6215917 

65-5 

2086 

•3193143 

425 

12  382 

•0927908 

88 

•4321 

•6355843 

65 

2  169 

•3362596 

42 

12^870 

•1096785 

87-5 

•4463 

•6496269 

645 

2-254 

•3529539 

41  5 

13  378 

•1263912 

87 

•4609 

•6636067 

64 

2-343 

•3697723 

41 

13  906 

'1432022 

86-5 

•4761 

•6776982 

635 

2  436 

•3866773 

40-5 

14^455 

•1600181 

86 

•4917 

•6917002 

63 

2-532 

•4034637 

40 

15^025 

•1768145 

85-5 

•5078 

•7056927 

625 

2  •632 

•4202859 

39^5 

15-618 

•1936254 

85 

•5245 

•7197455 

62 

2-736 

•4371161 

39 

16  236 

•2104523 

84-5 

•5417 

•7337588 

61-5 

2844 

•4539296 

386 

16-876 

•2272695 

84 

•5594 

•7477225 

61 

2-956 

•4707044 

38 

17  542 

•2440791 

83-5 

•5778 

•7617775 

605 

8-073 

•4875626 

375 

18-235 

•2609058 

83 

•5967 

•7757560 

60 

3194 

•5043349 

37 

18-954 

•2777009 

82-5 

•6163 

•7897922 

59-5 

3-820 

•5211381 

36-5 

19-702 

•2945103 

82 

•6365 

•8037984 

59 

3-451 

•5379450 

36 

20^480 

-3113300 

81-5 

•6574 

•8178297 

585 

3687 

•5547314 

35-5 

21-288 

•3271349 

81 

•6789 

•8318058 

58 

3729 

•5715924 

35 

22  128 

•3449422 

80-5 

•7012 

•8458419 

57-5 

3-876 

•5883838 

345 

23  002 

•3617666 

80 

•7227 

•8589585 

57 

4-029 

•6051973 

34 

23  910 

•3786796 

79-5 

•7480 

•8739016 

56-5 

4^188 

•6220067 

33-5 

24  853 

•3953788 

79 

•7725 

•8878985 

56 

4-354 

•6388884 

33 

25  834 

•4121917 

78-5 

•7978 

•9018940 

55^  5 

4-526 

•6557145 

32-5 

26  854 

•4290090 

78 

•8240 

•9159272 

55 

4-704 

•6724673 

32 

27-913 

-4458065 

77-5 

•8510 

•9299296 

54-5 

4-890 

•6893089 

315 

29-014 

•4626076 

*  See  page  471. 
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Tablb  Vn*.— OoirFioisNTS  roB  OoBBBomro  thb  OBflKRTiD  BEgiBTAHOx  or 
**  Hoopm's  "  Ihdia-bttbbbb,  at  aitt  Tsmfkratubb,  to  75^  Fahb. 


T«np. 

Ob- 
effldant. 

Logtfitiim. 

Temp. 

Co- 
efficient. 

LoguVthfu. 

Temp. 

Co- 

Logeritlim. 

100 

•526 

r7212464 

77 

•960 

r- 9776997 

54 

1 
1-716  .( 

5-2341530 

99-5 

•533 

•7268215 

76  5 

•963 

-9832748 

53-6 

737 

-2397281 

99 

•640 

•7323965 

76 

•975 

-9888499 

53 

759 

-2453032 

98-5 

•547 

•7879716 

75^5 

•987 

-9944249 

52-5 

782 

•2508782 

98 

•554 

•7435467 

n> 

1-000 

0-0000000 

52 

806 

•2564533 

97-5 

•561 

■7491218 

roi3 

•0055751 

51^6 

828 

•2620284 

97 

•568 

•7546968 

74 

1026 

-0111501 

51 

852 

•2676035 

96-5 

•576 

•7602719 

73-5 

1039 

-0167252 

505 

876 

•2731785 

96 

•583 

•7658470 

73 

1^058 

-0223003 

50 

900 

•27875:% 

95-5 

•591 

•7714220 

72-5 

1-066 

-0278754 

49-6 

925 

-2843287 

95 

•598 

•7769971 

72 

1-080 

•0334504 

49 

949 

-2899037 

94-5 

•606 

•7825722 

71  5 

1094 

-0390255 

48-5 

975 

•2954788 

94 

•614 

'7881473 

71 

1-108 

•0446006 

48 

2 

0(K) 

•3010539 

93-5 

•622 

•7937223 

70^5 

1122 

■0501756 

47-5 

2 

026 

•3066290 

98 

•630 

•7992974 

70 

1137 

•0557507 

47 

2 

052 

•3122040 

92-5 

•638 

•8048725 

69^5 

1152 

-0613258 

46-5 

2 

079 

•3177791 

92 

•646 

•8104476 

69 

1-167 

-0669009 

46 

2 

106 

•3233542 

91-5 

'655 

•81«022rt 

68-5 

1182 

-0724759 

45-5 

2 

133 

•3289292 

91 

•663 

■8215977 

68 

1-197 

-0780510 

45 

2 

160 

-3345043 

90-6 

'672 

•8271728 

67-5 

1212 

-0836261 

44-5 

2 

188 

•3400794 

90 

•680 

•8327478 

67 

1-228 

-0892012 

44 

2 

216 

•3456545 

89-5 

•691 

•8388229 

665 

1-244 

•0947762 

43-5 

2 

245 

-3512295 

89 

•698 

•8438980 

66 

1-263 

•1003513 

43 

2 

274 

•3568046 

88-5 

•708 

•8494731 

655 

1276 

•1059264 

42-5 

2 

303 

•3623797 

HS 

•■716 

•8550481 

65 

1293 

•1115014 

42 

2 

333 

•3679548 

87-5 

•726 

•8606282 

64-5 

1-309 

•1170765 

41-5 

2 

363 

•3736298 

K7 

•735 

•8(561983 

64 

1-326 

-1226516 

41 

2 

394 

•3791049 

86-5 

•745 

•8717738 

635 

1-343 

-1282267 

40-5 

2 

425 

•3846800 

86 

•754 

•8773484 

63 

1-361 

-1338017 

40 

2 

456 

•3902550 

85-5 

•764 

•8829235 

62-5 

1-378 

•1393768 

39-6 

2 

488 

•3958301 

85 

•774 

•8884986 

62 

1-396 

-1449519 

39 

2 

520 

-4014052 

84-6 

'781 

•8940736 

61-5 

1-414 

•1505-269 

38-5 

2 

563 

•4069803 

84 

•794 

■8996487 

61 

1-433 

•1561020 

38 

3 

586 

•4125553 

83-5 

•804 

•9052238 

60^5 

1-451 

•1616771 

37-5 

2 

619 

-4181304 

83 

•814 

•9107988 

60 

1470 

•1672522 

37 

2 

653 

-4237055 

82-5 

•825 

•916:t739 

59-5 

1489 

-1728272 

36-5 

2 

687 

•42928(K> 

82 

•836 

•9219490 

59 

r508 

•1784023 

36 

2 

722 

-4348556 

81-5 

•846 

•9276241 

58-5 

1-527 

•1839774 

35-5 

2 

757 

-4404307 

81 

•857 

•9330991 

58 

1-547 

•1895524 

35 

2 

793 

-4460058 

80-5 

•8G8 

•938G742 

57-5 

1'567 

•1951275 

34-5 

2 

829 

•4515808 

80 

•880 

■9442492 

57 

1-587 

•2007026 

34 

2 

865 

•4571.'>5i) 

79-5 

•891 

•9498244 

56-5 

1-608 

•2062777 

33-5 

2 

902 

•4627310 

79 

•902 

•9553994 

56 

1-629 

•2118527 

33 

2 

940 

•4683060 

7S-5 

•914 

•9()09745 

55-6 

1-650 

•2174278 

32-5 

2 

978 

•4738811 

78 

•92(j 

•JJUH5496 

55 

1-671 

-2230029 

32 

3 

013 

•47iH562 

77-5 

•938 

•9721240 

54^5 

1-693 

•2285780 

31-5 

3  055 

•4850312 

See  page  471. 
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DUmeten. 

Na 

Dtunetera. 

No. 

Mlto.- 

DUhranoM. 

Mmimciras. 

Milt.*    DIffw 

aooesu   Mil] 

UmelreiL 

0,000.000 
000.000 

500 
404 

36 

12-70 
11-78 

23 
24 

24            4 
22            2 

•610 
559 

00.000 

482 

32 

10-97 

25 

20            2 

-508 

0,000 

400 

32 

10- 16 

26 

18            2 

457 

000 

372 

28 

9-45 

27 

16-4         1 

6 

417 

00 

348 

24 

8-84 

28 

14-8         1 

6 

876 

0 

324 

24 

8-23 

29 

13-6         1 

2 

845 

1 

300 

24 

7-62 

30 

12-4         1 

2 

315 

2 

276 

24 

701 

31 

11-6 

8 

•295 

3 

252 

24 

640 

32 

10-8 

8 

274 

4 

232 

20 

5-89 

33 

100 

8 

-254 

5 

212 

20 

5-38 

34 

9-2 

8 

234 

6 

192 

20 

4-88 

35 

8-4 

8 

-213 

7 

176 

16 

4-47 

36 

7-6 

8 

193 

8 

160 

16 

406 

37 

6-8 

8 

173 

9 

144 

16 

8-66 

88 

60 

8 

152 

10 

128 

16 

3-25 

39 

5-2 

8 

-132 

11 

116 

12 

2-95 

40 

4-8 

-122 

12 

104 

12 

2-64 

41 

44 

•112 

18 

92 

12 

2-84 

42 

4-0 

•102 

14 

80 

12 

2-03 

43 

3-6 

-0914 

15 

72 

8 

1-83 

44 

3-2 

•0818 

16 

64 

8 

1-63 

45 

2-8 

•0711 

17 

56 

8 

1-42 

46 

2-4 

•0610 

18 

48 

8 

1-22 

47 

20 

•0508 

19 

40 

8 

1016 

48 

1-6 

-0406 

20 

36 

4 

■914 

49 

1-2 

-0305 

21 

82 

4 

•813 

50 

10 

2 

•0254 

22 

28 

4 

•711 

*  Mil  =  Y^^^  o^  ^^  ^n^)^- 

t  This  gauge  is  the  only  legal  Btandard  wire  gauge  for  the  United  Kingdom. 
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Accumulation,  joint  test,  Clark'a,  451 

Aerial  lines,  Eleoiroetatio  capacity  of,  590 

Alternating  enrrenta,  Meaaorement  of  by  Eleotro-dynameter,  352 

Adjustment  of  shnnts,  96 

Amij^re,  1,  537 

Anderson  and  Kennelly's  &nlt  test,  271 

Angle  of  mazimnm  sensitiveness  in  galyanometers,  25,  34,  73 

Arc,  multiple,  90 

Astatic  gafvanometer,  20 

Ayrton  and  Mather's  nniyersal  shnnt,  96 

Ayrton  and  Perry's  seoohmmetcr,  601 

Balancb,  Wheatstone's.    See  Wheatstone  bridge 
Ballistic  galvanometer,  74 

„  „  Haider's  form  of,  78 

Batteries,  a  method  of  testing,  565 
„  Clark's  standaid,  159 
„  Fleming's  „  157 
Mnirhead's  „  168 
„  Post  Office  „  157 
„        Leclancb^,  319 

Minotto,  819 
„       Electromotive  force  o^  Oomparison  of.    See  Electromotive  force 

1  and  100  cells,  404 
„        of  low  resistance,  Measurement  of  resistance  of,  335 
„        Polarisation  in.  Measurement  of;  335 
M       Resistance  of  „  133 

»,  „  >,  by  Condenser  method,  381, 832, 333, 

334 
„  H  »  Deflection        „         4,5 

,)  M  »«  Diminished  deflection,  direct  me- 

thod, 150 
),  I,  M  Diminished  deflection  shunt  me- 

thod, 153 
M  M  »  Electrometer  method,  401 

«  »  Pahie's  „        191,194 

Half  deflection   „        5,183 
„  „  >*  Kempe's  „        381 

y>  „  ,.  Mance's  „        143, 146 

„  „  ,»  Muirhead's         „        334 

>,  w  >*  Munro's  „        334 

„  yj  ,j  Postal  Telegraph  method,  583 

>,  „  o  Siemens'  method,  138 

>,  „  ,»  Thomson's  „        134 

»  »  »  Wheatstone  bridge  method,  268 

„       shunted.  Pollard's  theorem  of,  562 
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Battery,  testiiig  appuatos,  Eden%  581 

Blavier's  method  of  looaluinffaalti  in  sabmarine  oablee,  269 

Board  of  Trade  deflnitioii  of  Units,  537 

„       n       Bpeoifioation  for  Standard  Oells,  160 

n       n  f*  Corrent  Voltameter,  537 

Bridge,  WbeatstoDe'B.    iSw  Wheatstooe  bridge 

Gablb,  Completed,  Tests  of,  411,  417 

M      Compoimd,  Tests  dturing  laying  of,  445 

n      Gondootor  resittanoe  of,  Method  of  measurinfc,  266 

„      Oorreotions  for  effects  of  temperature  on  oondootor  and  insulation  resist- 

anoe  of,  466 
H      Dry  core.  Testing,  615 
„      Earth  readings  on,  411 
M      Electrostatic  capacity  of;  Measurement  of,  359 
„      Fanlts  in.  Localisation  of.    ^Faults 
M      Final  tests  of,  527  . 

„      in  a  tank,  to  determine  the  relative  positions  of  seTeral,  610 
„      Insulation  of,  Measurement  o(  408 
„      Layine  of.  Tests  daring,  445,  446,  448 
„      Manuiaoture  of,  Specification  for,  511 
„  „  Tests  during,  515. 526 

„      Single  wire,  Tests  during  laying,  446,  448 
Calibration  or  graduation  of  galvanometer  scales,  47, 100 
Capacity,  Electrostatic    See  Electrostatic  capacity 

„        Measurements  of  long  submarine  cables,  385 
CardeVs  method  of  measuring  current  strength,  341 
Carey  Foster^s  method  of  measnring  low  resistauces,  252 
Carhart's  Standard  Cell,  164 
Cells,  Standard,  Cbries,  159 
„  H        Carhart's,  164 

M         M        Fleming's,  157 
M  n        Muirhead's,  163 

„        Post  Office,  157 
Cham,  Loss  oC    See  Potential,  Loss  of 
Checking  Calyanometer  Oscillatious,  Gott's  method,  86 

n  n  n  Nalder's  Apparatus  for,  86 

Chrystal's  standard  ohm,  241 
Clark's  accumulation  joint  test,  451 

M     correction  for  condenser  discharge,  324 
„     dectromotive  force  test,  200 
„     fidl  of  potential  fault  test,  431 
M     methoa  of  eliminating  earth  currents,  293 
„     Standard  Cell,  159  ' 

Clark,  Forde  and  Taylor's  temperature  coefficients,  458,  467 
Coefficient  for  effect  of  temperature  on  oonductor  resistanoe,  466 
„  „  insulation  resistance,  470 

Coils  for  core  of  cable,  Tests  o(  515 
„    Besistance,  11 

H  „  Dial  pattern,  15, 16,  211 

„  „  for  cable  testing,  13,  15,  211 

„  „  Post  Office  pattern,  14 

„  „  Slide,  17 

„     Varley'8.231 
Combined  Capacity  of  Condensers,  310,  589 

„        Conductor  Besistanoe  of  Parallel  Wires,  90 
„        Insulation  „  „  „  260 

„         Besistances,  587 
Compensating  Besistances  for  Galvanometer  Shunts,  89 

»  „  „  „  Kempe's  arrangement  o( 

91,95 
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Componnd  Gables,  Teets  during  laying  o^  445 

„        Key  for  cable  testing,  580 
Condensers,  308,  589 

Battery  resistanoe  measured  by  means  of,  831, 832, 833,  334 
„         Connections  for  dieoharge  from,  313 
„         Corrections  „  „         824 

„        Electromotiye  force  measured  by  means  ot,  323,  335 
„         Joint  capacities  ot  310,  589 
„         Mairhead's  standard,  309 
Conducting  power  of  copper,  Effect  of,  on  temperature  corrections,  468 
Conductivity,  Relative,  457 
„  Specific,  457 

Conductor  resistance,  by  Wheatstone  bridge,  256 

„  „         Correction  for  effect  of  temperature  on,  466, 472,  475 

leakage,  643  .      ^  , 

„  „  Elimination  of  effects  of  earth  currents  m  measunng,  261, 

264,  266,  293 
„  „  Joint,  of  several  wires,  90 

„  „  of  a  line  by  sent  and  received  currents,  554 

„  „  of  cables.  Method  of  measurinfi:,  266 

„  „  of  three  wires  individually,  256 

„  „  of  two  wires  individually  by  loop  test,  808 

„  „  per  mile,  of  telegraph  lines,  542 

„  „  True,  of  uniformly  insulated  line,  540 

Constant  for  measuring  resistaDoes,  6 

„  „  High  ResistanceB,  406 

„  H  Insulation  Resistances,  406 

„         Morning  tests,  5 
Copper  resistance,  Matthiessen's  standard  of,  457 

„     wire.  Effect  of  Temperature  on  Resistance  of,  466 
„        „      Spedflo  conductivity  of,  457 
„       „  „    ,  table  of,  461 

Correction  for  Condenser  discharge  deflections,  824 

n       n       Conductor  Resistance  tests  of  Submarine  Cables,  543 
„        „       Damping,  80 
„       „       Loop  test,  800 
„       „       Tangent  galvan<nneter,  23, 87 
Corrections  for  Temperature,  466 

„  „  M       Practical  applications  of,  476 

Cosine  galvanometer,  Trowbridge's,  39 
Coulomb,  Definition  of,  77,  361 
Cubic  equation,  Example  of  practical  use  of,  502 
Current,  Resistance,  and  Electromotive  force,  between  two  points  in  a  circuit. 

Relation  between,  328 
Current  strength,  Measurement  of,  337 

„  „  by  CardeVs  differential  method,  341 

„  „  Kempe's  bridge  method,  844 

„  „  difference  of  potential  deflection  method, 

348 
„  „  difference  of  potential  equilibrium  method, 

350 
„  „  direct  deflection  method,  888 

„  „  Siemens'  dynamometer,  352 

„      Unit  of,  1,  637 
„       Voltameter,  specification  of,  537 
Currents,  Earth,  Elimination  of  effects  of  in  testing  by  Wheatstone  bridge,  261, 

264,266 
„  „  in  testing,  293 

„         Received,  Testing  telegraph  lines  by,  554 
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Daily  or  loomiDg  Tests,  Table  for  oaloalating,  9 

„  „  of  land  lines,  8,  547 

Damping,  Correction  for,  80 
D'Amnval-Deprez  galvanometer,  65 
Dead-beat  GaWunometer,  D'ArsouTal-Depres's,  68 

n  „  „  Nalder^s  form  of,  70 

„  Thomson's^  65 

Deflection  method  of  measuring  battery  resistance,  4 

„  „  galvanometer  resistanoe,  4 

Deflections,  Galvanometer,  Degree  of  aocoracy  attainable  in  reading,  45 

„  „         Method  of  reading.  43 

DepreE-D'Arsonval  dead-beat  reflecting  galvanometer,  68 
Dial  pattern  of  resistance  coils,  15, 16,  211,  212 
Difference  of  Potential  method  of  measoring  current  strength,  348 

M  w  equilibrium  method  of  measuring  current  strength,  350 

Diminished  deflection  direct  method  of  measuring  battery  resistance,  150 
„  „  „  galvanometer    „    123 

„  shunt  „  battery  „    ^^'^ 

galvanometer    „    128 
Direct  deflection  method  of  measuring  current  strength,  838 

„  „  „  electrostatic  capacity,  359 

M     reading  battery  testing  instroment,  Eden's,  586 
„  „       Potentiometer,  569 

Discharge  deflections,  Connections  for  measuring,  313 
„  „  Correction  for,  324 

„        key,  Kempe's,  314 
„  Lambert's,  315 

„  Bymer  Jones's,  316 

F.  0.  Webb's,  312 
Test  of  joint  by,  453 
Disconnection,  Partial,  Localisation  of,  in  cables,  489 
Total  „  „  489 

Divided  Charge  method  of  measuring  electrostatic  capacity,  379 
Dry  core  cables,  testing,  615 
Dynamometer,  Electro,  Siemens',  352 

Eabtb  current,  To  eliminate,  in  testing,  293 

by  Wheatotone  bridge,  261,  264,  266 
„     faults,  A  method  of  localising,  497 
„     readings  on  cables,  411 
„  „       Table  of,  9 

„     Resistance  of  an,  To  measure,  258 
„  „  „  Pomeroy's  method,  258 

Eden's  battery-testing  apparatus,  581,  586 

„     metb(xl  of  measuring  conductor  resistance,  555 
Electric  lamps,  Method  of  measuiing  the  rettistance  of  and  currents  flowing 

through,  563 
Electric  light  installation,  measurement  of  insulation  of,  by  BuaseU's  method,  564 
Electrical  Units,  1,  537 
Electrification,  409 

„  Influence  of  temperature  on,  410 

Electro-dynamometer,  Siemens*,  352 
Electrometer,  Thomson's  quadrant,  388 

„  „  »  Fall  of  charge  in  cable  by,  401 

„  „  „  Gauge  of,  392 

„  „  „  Grades  of  sensitiveness  of,  399 

„  „  r,  Induction  plate  of,  393 

„  „  „  Measurements  from  an  inferred  zero  by,  402 

„  „  „  Beplenisher  of,  391 

n  M  »  Reversing  key  for,  393 
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Electrometer,  Thomson'B  quadrant,  Tests  of  joints  by,  454 

Use  of,  401 
Electromotiye  force,  Current,  and  Resistance,  between  two  points  in  a  circuit. 

Relation  between,  328 
„  „         Measnreoient  of,  157, 165 

„  „  „  by  Clark's  method,  200 

n  »  »  Direct-reading  potentiometer,  578 

H  „  »  Equal  deflection  method,  167 

„  „  »  w     resistance       „        165 

„  „  „  Fahie*s  method,  191 

>,  ,,  »  Kempe's      „      172 

Law's  „      323 

w             «  I.  Lumsden's  or  Laooine's  method,  177,180 

„             „  „  Negreau's  method,  198 

„             w  >»  Poggendorfs    „     185 

„             „  »  Postal  Telegraph  method,  582 

„             „  „  Potentiometer  direct  method,  206 '^ 

„             „  „  Wbeatstone's  method,  174 

„             „  „  Wiedemann's    „     168 
Unit  of,  1 
Electrostatic  capacity  of  dry  core  cables,  618 

„             „  Measurement  of,  359 

„             „  „  by  Direct  deflection  method,  359 

„             n  .»  Divided  charge          „       379 

„  «  Gott's                        „       873 

„             „  n  Secohmmeter,  606 

»             »  »  Siemens'  diminished  charge  method, 

«Sol 

i,  u  >»  »       loss   of    charge    deflection 

method,  367 

rt  n  n  n        loss   of    charge   discharge 

method,  361 

„  „  „  Thomson's  method,  369 

n  ft  »  of  aerial  lines  by  Eempe's  method.  591 

„  „  Specific,  465 

Elton  Young's  method  of  measuring  the  electrostatic  capacity  of  lonir  submarine 

cables,  386  * 

Equal  deflection  bridge  method  of  measuring  conductor  resistance,  266 
„  method  of  measuring  galvanometer  resistance,  106 

„  „  „  electromotive  force,  167 

„    resistance  „  „  »»  w        165 

Equilibrium  method  of  measuring  conductor  resistance  of  wires  tnversed  by 
earth  currents,  261 

Fabie'b  method  of  measuring  battery  resistance,  191, 194 
„  „  „  galvanometer  resistance,  114 

„  „      testing  for  faults  in  cables,  274 

False  zero,  266,  300 
Farad,  1 
Fault  resistanoe,  Kennelly's  law  of^  278 

„  „         Schaefer's       „       281 

Faults  caused  by  disconnection.  Localisation  of,  489 

„      Oott's  method  of  sealing  up,  for  testing,  506 

„      Localisation  of,  269 

„  „  by  Anderson  and  Kennelly's  method,  271 

„  „  Blavier's  method,  269 

M  „  Clark's  fall  of  potential  method,  431 

„  „  Combined  resistanoe  and  discharge  test,  489 

„  „  Fable's  method,  274 

„  „  Jacob's  deflection  method,  288 
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Faults,  LooaUaatbm  of,  by  Kempe's  loa  of  onrrent  method,  891 

„  M  Kennolly'a  method,  271, 278 

„  „  Kingsfoid'B  method,  286 

LoopteBt,294 

„  „  Lomsden'a  method,  272 

„  Manoe'a  „        277 

^  „  Murray's  loop  method,  294 

M  M  OverUp  method,  270 

„  „  Rymer  Jones's  method,  282,  440 

„  „  Bchaefer's  „       281 

„  „  Biemens'  equal  potential  method,  435 

„  tt  t«        or  Lacoine's  equilibrium  method,  438 

M  M  Yarley's  loop  metliod,  298 

„  „  in  ooils  of  insulated  wire,  Jacob's  method,  488 

n  f,  X  tf  Warren's    „        486 

n  „  of  higli  rpsistanoe,  478 

Fibre,  Suspension,  Method  of  fixing,  64 
Figure  of  merit  of  galvanometers,  85 
Final  teats  of  cables,  527 
Fleming's  standard  cell,  157 
„  „  ohm,  242 

Foster's,  Carey,  Method  of  measuring  low  resibtances,  252 

Oaltakomsteb  deflections,  Degree  of  accuracy  attainable  in  reading,  45 
M  H  Method  of  reading,  43 

„  Astatic,  20 

H  Ballistic,  74 

„  Cosine,  39 

„  D'Arsoiival-Deprez  dead-beat  reflecting,  68 

Drad-beat,  65 
„  Gaugain's,  38 

Helmholtz's,  38 
^  Marine,  66 

Obach's,  39 

Post  Office,  20,  24,  553 
„  Sine,  21 

•    n  Sullivan's  universal,  70 

„  Tangent,  8,  22,  553 

„  „        Best  conditions  for  using,  30 

„  M        Correction  for,  23, 37 

n  „        Principle  of,  22 

n  Thomson's  reflecting,  or  mirror,  48 

„  »  n  Dead-beat  form  of,  65 

M  „  N  Description  of,  50 

„  »  n  Jacob's  transparent  scale  for,  59 

„  H  »  Lamps  and  Scales  fur,  58 

„  „  „  Marine,  66 

„  „  „  Method  of  suspending  to  neutralise 

vibration,  55 
r,  „  „  Method  of  setting  up,  61 

„  „  „  Nalder's  form  of,  54, 55 

„  ,♦  1  Portable  form  of.  57 

„  „  „  Principle  of,  48 

„  „  „  Repair  of  Fibre  of,  64 

„  „  „  Kcsistanoe  of.  54 

„  „  „  Scale  for,  58 

Trowbridge'is  39 
Galvanometers,  Angle  of  maximum  sensitiveness  in,  25,  73 
Calibration  or  graduation  of  scale  of,  47,  100 
„  Figure  of  merit  of,  85 
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Galvanometers  for  measarinf?  onrrents.  Post  Office  fonn,  24,  553 
„  Method  of  adjusting,  61 

„  Method  of  adjosting  shnnts  of,  96 

„  Besistanoe  for  best  effect  from,  507 

„  Besistanoe  of.  Measurement  of,  102 

„  „  „  by  Deflection  method,  3 

„  MM  Diminished    deflection  direct 

method,  123 
„  MM  Diminished   deflection  shnnt 

method,  128 
„  „  „  Equal  deflection  method,  106 

„  „  „  Fahie*8  method,  114 

„  „  „  Half  deflection  method,  5, 102 

„  „  „  Phillips*  method,  318 

„  „  »  Thomson's    „       115,120 

„  Sensitiveness  of,  85 

,,  Shnnts  for,  63,  87 

Gangain*s  galvanometer,  88 
Gauge  for  electrometer,  392 

„         measuring  diameters  of  wire,  461 
German-silver,  Use  of,  for  resistance  coils,  11 
Gott's  electrostatic  capacity  test,  373 

„  MM  Muirhead*s  correction  for,  374 

„    method  of  sealing  up  faults  for  testing,  506 
„  „         checking  galvanometer  oscillations,  86 

„    proof  condenser  method  of  measuring  resistances,  426 
Gutta-percha,  Effect  of  temperature  on  resistance  of,  410 
„  Electrification  of,  410 

Half-ohabob,  Fall  to,  428 

Halving  deflection,  Resistance  of  battery  by,  5, 133 

„  „  „  galvanometer  by,  5, 102 

Helmholtz's  galvanometer,  38 
High  resistance.  Localisation  of  faults  of,  478 

„  „  „  by  Jacob's  method,  488 

„  Thomson  galvanometer,  54 

„  Localisation  of  faults  of,  by  Warren's  method,  486 

„  Measurement  of,  404 

„  „  by  Gott's  proof  condenser  method,  426 

„  „  loss  of  potential  method,  423 

„  „  Thomson's  method,  424 

iNBTA-BrBBER,  Electrification  of,  410 
Individual  resistance  of  three  wires,  Measurement  of,  256 
two  „  „  303 

Induction,  Mutual,  Measurement  of,  599 
Self  „  593 

„         plate  of  electrometer,  393 
Inductive  capacity.    See  Electrostatic  capacity 

„  „        Specific,  465 

Inferred  zero,  73.  402 

Instrument  leaka^^e.  Savage's  method  of  correcting  for,  416 
Insulated  wires.  Detection  of  faults  in,  by  Jacob's  method,  488 
„  „  „  „  Warren's    „        486 

Insulation,  Correction  for  effect  of  temperature  on,  470,  474,  475 
„         Joint,  of  several  wires,  260 
„         Measurement  of,  6,  8 
„  „  „         of  a  live  electric  light  installation,  by  Bussell's 

method,  564 
„  „  „         by  sent  and  received  currents,  555, 559 

„  „  „  tangent  galvanometer,  8 
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Insulation,  Measurement  of,  by  Wheatstone  bridge,  260 
n  „  M         of  cables,  408 

„  «*         r  »«         by  Jacob's  method,  418 

„  of  two  sections  of  wire,  260 

„  per  mile,  of  telegraph  lines,  MO 

„  Specific,  462 

„  Standard  of,  for  land  lines,  7 

„  Table  for  calculating,  9 

„  True,  of  a  uniformly  insulated  line,  539 

Jack  and  Joule's  cometion  for  tangent  galranometer,  23 
Jacob's  fault  test,  288 

„      method  of  localising  faults  of  high  resistance,  488 
„  „  measuring  insulation  of  cables,  418 

„  „  „         capacity  „         418 

H      transparent  scale  for  reflecting  galvanometers,  59 
Jamieson's  method  of  making  loop  test,  300 
Jenkin's  method  of  measuring  high  resistances,  402 
Joint  capacities  of  condensers,  810,  589 

„     conductor  resistance  of  parallel  wires,  90 
„     insulation  »  n  n        260 

„     resistances,  90 
Joints,  Testing  of,  at  sea,  454 

„  »         by  Clark's  accumulation  method,  451 

„  „  Discharge  method,  453 

„  „  Electrometer     „     454 

Warren's  „     487 

Jolin's  D'Arsonyal-Deprez  dead-beat  reflecting  galTanometer,  68 
Jolin-Tbomson  rheostat,  18 
Jones,  Bymer,  discharge  key,  316 
„  reversing    „     307 

„  method  of  localising  faults  in  submarine  cables,  282,  440 

Joule  and  Jack's  correction  for  tangent  galvanometer,  23 

Kblyiv,  Lord.    See  Thomson 

Kempe,  A.  B.,  on  the  leakage  of  submarine  cables,  478 
Kempe's  battery  resistance  tef»t,  831 
„      current  strength  test,  344 
„       discharge  key,  814 
„      electromotive  force  test,  172 

„      galvsnometer  shunt,  with  compensating  resistances,  91,  95 
„      loss  of  current  fault  test,  291 
„      method  of  measuring  self-induction,  593 
„  ,,  „  electrostatic  capacity,  591 

Rennelly  and  Anderson's  fault  test,  271 
Kennelly's  law  of  fault  resistance,  278 
Key,  Compound,  for  cable  testing,  580 
„   Discharge,  Kempe's,  314 
„  „  Lambert's,  315 

„         „  „         for  Thomson's  capacity  test,  371 

„         „  Rymer  Jones',  316 

„         „  launders',  for  Gott's  capacity  test,  377 

F.  C.  Webb's,  812 
„   Reversing,  305 
„  „  for  electrometer,  393 

Pell's,  306 
„    Short-circuit,  304,  306 
Kingaford's  fault  test,  286 
Kircboffs  laws,  178 

„     Proofs  of,  568 
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Laoouis,  Note,  266,  291 

Laooine's  loss  of  oarrent  &alt  test,  291 

„       or  Lumideii's  eleotromotiTe  force  test,  177, 180 
„  Siemens'  fault  test,  438 

Lambert's  dischaiige  key,  815 

„         key  for  Thomson's  oapaoit^  test,  371 
Lamps,  Electric,  Method  of  measuring  the  resistance  of  and  current  flowins: 

through,  568 
Land  lines,  Measurement  of  insulation  of,  6 

„         Standard  of  insulation  for,  7 
Laws's  test  for  eleotromotlTe  force,  823 
Laying  of  cables,  Tests  durins;,  445 
Leading  wires.  Elimination  of  resistance  of,  267 
Leclanch^  battery,  819 

Loop  method  of  messuring  conductor  resistance,  256 
„    test,  294 

„      „    Correction  for,  800 
„      K    Individual  resistance  of  two  wires  by,  308 
„      „    Jamieson's  method  of  making,  800 
„       „    Murray's  method,  294 
„      „    Phillips'  method,  808 
„       „    Varley's        „        298 
Loss  of  charge,  Percentage,  429 

„      current  fault  test,  Eempe's,  291 
Low  resistance  batteries,  A  method  of  measnring,  335 
„  resistances,  A  method  of  measurine,  566 
„  „        measured  by  metre  bridge,  236 

„  „  M  »  Garey  Foster's  method,  252 

„  „  „      Thomson's  bridge,  264 

Lumsden's,  or  Laooine's,  method  of  measuring  electromotive  force,  177, 180 
„         system  of  testing  for  fiaults  in  cables,  272 

Makob's  method  of  eliminating  the  effects  of  earth  currents  in  oonduotor  tests, 
277 

„  „  testing  for  faults  in  cables,  269 

„      resistance  of  battery  test,  148 
„  „  „  wiih  slide  wire  bridge,  146 

Manganin,  Use  of,  for  resistance  coils,  11 
Manufactuie  of  cables,  Specification  for,  511 

„  „  Tests  during,  515, 526 

Marine  galvanometer,  Thomson's,  66 
Matthiesseu's  standard  of  copper  resistance,  457 
Maximum  sensitiveness.  Angle  of,  in  galvanometers,  25,  78 
May's  method  of  testing  cables  for  insulation,  411 
Megphm,  407 

Merit,  Figure  of,  of  galvanometers,  85 
Metre  bridge,  286 
Microfarad,  1 
Mil  gauge,  461 

Mile,  Insulation  per,  of  lines,  540 
Milliamp^,  1 
Minotto  battery,  819 

Minor  or  Thomson  galvanometer.    See  Thomson's  reflecting  galvanometer 
Morning,  or  daily  tests  of  land  lines,  9,  547 
Muirhead's  arrangement  of  resistance  coils,  16 

„         correction  for  Gott's  electrostatic  capacity  test,  874 
„         standard  cell,  168 
„  „       condenser,  809 

Multiple  arc,  90 

„      cored  cables.  Measurement  of  capacity  of,  418 

2  T 
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Multiple  ooi^d  cables,  Measurement  of  insnlation  of,  418 

Multiplying  power  of  Bhants,  87 

Munro's  battery  redstanoe  test,  334 

Murphy's  correction  for  conductor  resistance  tests  of  submarine  cables,  543 

Murray's  loop  test,  294 

Mutual  Induction,  Measurement  of,  599 

Nali)IB*8  form  of  Ballistic  Oalyanometer,  77 
„        Dead-beat  „  70 

„         „       Kempe's  compensating' galvanometer  shunt,  95 

Ayrton  and  Mather's  XJnlTeraal  Shunt,  99 
,,  ,,        Thomson  galyauometer,  54, 55 

Shunt  for,  63 
„        Check  for  Galvanometer  Needle  Oscillations,  86 
Standard  Ohm,  248 
Negreau's  electromotive  foroe  test,  198 

Obach'b  galvanometer,  39 
Ohm,  1,  537 
^     Standard,  Chrystal's,  241 
Fleming's,  242 
„         Nalder's,  243 
Ohm's  law,  1 
One  cell,  319 

Constant  taken  with,  406 
Oscillations  of  Galvanometer  Needle,  €k>tt's  check  for,  86 

Nalder's      „        86 
Overlap  method  of  localising  faults  in  submarine  cables,  270 

Paballaz  error  in  galvanometers,  Method  of  avoiding,  25 

Parallel  wires,  Joint  resistance  of,  90 

Partial  disconnection  in  cable,  Localiiiation  of,  489 

Pell's  reversing  key,  306 

Percentage  loss  of  charge,  429 

Permanent  current,  Throw  produced  by,  78 

„  „        combined  with  Sudden  Impulse,  Throw  produced  by,  79 

Phillips,  S.  £.,  method  of  measuring  the  individual  resistance  of  two  wires  by 
loop  test,  303 

„  „  „         galvanometer  resistance,  303 

„  „         making  loop  test,  303 

Platinoid,  Use  of,  for  Besiutance  Coils,  11 

„  „  rheostat,  19 

Platinum-Silver  Alloy,  Use  of,  for  Besistanoe  Coils,  11 
PoggendorflTs  method  of  measuring  electromotive  force,  185 
Polarisation  in  batteries,  Measurement  of,  335 
Pollard's  theorem  of  a  shunted  battery,  562 
Pomero/s  Earth  Besintance  Teat,  258 
Portable  reflecting  galvanometer,  57 

Postal  Telegraph  I^partment,  Galvanometer  used  by,  24,  553 
,«  „  Standard  cell  used  by,  157 

„  „  „        of  insulation  adopted  by,  7 

„  „  system  of  testing  batteries,  581 

„  „  lines,  547 

„  „  Wheatstone  bridge  used  by,  14 

Potential,  Fall  of,  Formuhe  for,  427 
„         Measurement  of,  320 

resistances  by,  420  . 

loss  of,  423 

„     Gott's  method,  426 
,.         Clark's  test  for  fault  by,  431 
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Potential,  Bymer  JoneB'  test  for  fault  by,  440 

M         SiezDenB'  „  „         eqnilibriom  of,  438 

„        Biemens'  test  for  fault  by  equal,  485 
Potentiometer,  206,  569 

n  direct  method  of  measuring  electromoUye  foroe,  206 

„  „     reading,  569 

Preece's  &11  of  potential  formula,  429 
Price's  method  of  correctmg  for  surface  leakage,  415 
Probert's  method  of  teetlne  batteries,  565 
Proof  condenser  method  of  measuring  resistances,  Gott^s,  426 
Purity  or  oonducting  power  of  copper.  Effect  of,  on  temperature  oorreotions,  468 

QuADRAirr  electrometer,  Thomson's,  388 
Quantity,  Unit  of,  361 

BsouYKD  and  sent  currents,  Conductor  resistance  of  a  line  by,  554 

„  „  Insulation  „  „  555, 559 

Beflecting,  or  mirror,  galvanometer.    See  Galvanometers 
Belative  Conductivity,  457 
Beplenisher  of  electrometer,  391 
Besistanoe  coils,  11 

„         „        Dialpattem,  15, 16, 211,  212 
„  „        for  cable  testing,  13,  15,  211 

„         „        Muirhead's  pattern,  16 
Post  Office  pattern,  14 
„       Slide,  17 

„      Varley's,  231 
r- Besistanoe,  Current,  and  Electromotive  force,  between  two  points  in  a  circuit, 

Belation  between,  328 
„  Measurement  of,  by  deflection,  3 

„  ;,  half  deflection,  5 

fall  of  potential,  420 
loss  „  423 

„  „  f.  »  Gott's  method,  426 

„  „  metre  bridge,  286 

„  „  „  Carey  Foster's  method,  252 

„  „  ThomBon's  bridge,  254 

„  „  substitution,  2 

„  „  Wheatstone  bridge.    See  Wheatstone  bridge 

,,  „  Note  on,  568 

„  Unit  of,  1 

^  Besistances,  Arrangements  of,  12-16 
„         Combined,  687 

„         Compensating,  for  galvanometer  shunts,  89 
,,  High,  Measurement  of,  404 

,,  Insulation,        „  408 

„         Joint,  of  several  wires,  90 
„         LoWf  A  method  of  measuring,  566 
Besultont  fault,  300 
Beversing  keys,  305 

„  „     for  electrometer,  303 

„     Pell's.  806 
„  „     Bymer  Jones's,  316 

„         Switches,  307 
Bheoistat,  Thomson-Jolin,  18 
Boberts,  Martin,  method  of  using  metre  bridge,  287 
Bussell's  method  of  measuring  the  insulation  resistance  of  a  live  electric  light 

installation,  564 
Bymer  Jones's  Discharge  key,  316 
„  Fault  tests,  282,  440 

„  Beversing  key,  306  2  T  2 
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Satagb'b  method  of  ooneotinff  for  instminent  leakage,  416 
Scale,  and  lamp,  for  Thomaon^B  reflectmg  galTanometer,  68 
„     Galvanomoter,  Graduation  or  calibri^on  oi,  47, 100 
„     Jaoob'a  tntniparent,  for  Thomaon's  refleeting  galvanometer,  59 
„     Silyertown  form  of,  »*  »  »  ^ 

„     Skew,  for  tangent  galvanometer,  32 
Bohaefer'B  fanlt  teat,  281 
Sealing  up  faults  for  testing,  Gott's  method,  506 
Secohmmeter,  The,  601 
SeotiosB,  two,  of  wires.  Insulation  of,  260 
Self  Induction,  Measurement  of,  593 

„  „  of  telegraph  wire  loop,  596 

SensitiveneBs,  Angle  of  maximum,  in  galvanometers,  25,  73 

„  of  galvan<»neter8,  85 

Bent  and  received  currents,  Conductor  resistance  of  a  line  by,  554 

Insulation  „  „  655^559 

Short  circuit  keys,  304,  306 
Shunted  battery.  Pollard's  theorem  of,  562 
Shunts,  87 

„     Galvanometer,  63,  87 

„  „  Ayrton  and  Mather's  universal,  96 

„  „  Compensating  resistances  for,  89 

„  ^  Method  of  adjusting,  96 

„  ^  „  Multiplying  power  of,  89 

„  „  Sullivan's  universal,  613 

Tables  of,  418 
Siemens'  battery  resistance  measurement,  138 
„       electro-dynamometer,  852 

„      electrostatic  capacity  measurement  bv  loss  of  charge,  361, 867,  381 
M      equal  potential  method  of  localising  multa,  435 
„      or  Lacoine's  equilibrium  method  of  localising  fiaulta,  438 
„      telegraph  works.  Method  of  testing  completed  cable  at,  417 
„  „  Transparent  galvanometer  scale  in  use  at,  59 

Silvertown  compound  key  for  cable  testing,  580 

„         galvanometer  scale,  60 
Simple  testing,  I 
Sine  galvanometer,  21 

Single  wire  cable.  Test  daring  laying,  446,  448 
Skew  Zero  Scale  for  tanpc-nt  galvanometer,  30 
Slide  resistance  bridge,  Varley's,  231 

„  coils,  11 

Slide  wire  or  metre  bridge,  236 

^  „  Battery  resistance  by,  146 

„  „  galvanometer  resistance  by,  120 

Small  resistances,  A  method  of  measuring,  566 

„  Measurement  by  metre  bridge,  236 

„  „  „  Carey  Foster  B  method,  252 

ThomMm's  bridge,  254 
Bmitji,  Willou|[hbv,  system  of  testing  cables  during  laying,  448 
Specific  conductivity,  457 

„       inductive  or  electrostatic  capacity,  465 
„       insulation,  462 
„       measurements,  457 
Specification  for  manufacture  of  cables,  511 
Standard  Cell,  Carhart's,  164 
Standard  Cell,  Clark's,  159 

„  Board  of  Trade  Bpecification  for,  160 

„  Fleming's,  157 

„  Muirhead's,  168 

Post  Office,  167 
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standard  of  oopper  reelBtanoe,  IfattbieBsen's,  457 
„     of  insulation  for  land  lines,  7 
„     ohm,  Ghrystal's,  241 
„        „     Fleming's,  242 
„     Naldoi^s,  243 
Snbstitation  method  of  measuring  resistances,  2 

Sullivan's  method  of  determining  the  positions  of  several  cables  in  a  tank,  612 
„         universal  galvanometer,  70 
„  „       shunt,  613 

SurfSnoe  leakage.  Price's  method  of  correcting  for,  415 
Suspension  Fibre,  Method  of  fixing,  64 
Switches,  Beversing,  807 

Tabli  for  calculating  insulation  resistances,  9 
Tangent  galvanometer,  8,  22,  558 

„  Angle  of  maximum  sensitiveuess  of,  25,  34,  73 

„  Best  conditions  for  using,  80 

„  Corrections  fori^  23,  87 

„  Insulation  resistance  by,  8 

„  Principle  of^  22 

„  Skew  scale  for,  32 

Taylor,  Herbert,  galvanometer  shunt  tables,  418 

„  gauge  for  measuring  diameters  of  wires,  461 

Telegraph  Line,  Measurement  of  Insulation  of,  8 

„  „  ^  two  sections  of,  260 

Temperature  coefficients,  Oiark,  Forde  and  Taylor^s,  458,  467 
„  corrections  for  conductor  resistance,  46(S,  472,  475 

n  n  insulation  resistance,  470, 474, 475 

„  Effect  of,  on  electrification,  410 

„  of  cable  determined  by  conductor  resistance,  469 

Teredo  worm.  Method  of  protecting  cables  against,  488 
Theorem,  Pollard's,  of  a  shunted  battery,  562 
Thomson's  bridge,  254 

„         electrostatic  capacity  test,  369 

„         method  of  measuring  battery  resistance,  134 

„  ft  n  galvanometer  resistance,  115, 120 

„  „  „  high  resistances,  424 

„         quadrant  electrometer,  888 

„  refiecting,  or  mirror,  galvanometer,  48 

„  „  „  Dead-beat  form  of,  65 

„  „  „  Elliott  Bros,  forms  o^  54, 56, 57 

„  „  „  Lamps  and  scales  for,  58, 60 

„  „  „  Marine,  66 

„  „  „  Method  of  suspending  to  neutralise 

vibration,  55 
„  „  n  Method  of  settine  up,  61 

„  „  „  Nalder's  forms  o^  54 

„  w  „  Portable  form  of,  57 

Thomson-Jolin  rheostat,  18 
Three  wires.  Individual  resistance  of,  256 
Two  „  „  by  loop  test,  303 

Throw  produced  by  Permanent  Current,  78 

„  „  M  combined  with  sudden  impulse,  79 

Transparent  scale,  Jacob's,  for  refiecting  galvanometer,  59 
Tripod  Thomson  galvanometer,  57 
Trowbridge's  galvanometer,  39 

Units,  Electrical,  1,  537 
Universal  galvanometer,  Sullivan's,  70 
„       shunt,  Ayrton  and  Mather's,  96 
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Vaalvt's  loop  tost,  298 

„       slide  lesistanoe  bridge,  231 
Volt,  1,  537 
Voltameter,  Current,  SpecLficatioa  of,  537 

YouKo's  method  of  meftiuring  the  electroetatio  capacity  of  long  tubmarine  oablea, 
385 

Waouobn*b  Note  on  reaistanoe  meaenremeDt,  568 
Wanen's  joint  tost,  487 

„        test  for  small  &nlto  in  insulated  wires,  486 
Webb,  F.  C,  discharge  kej,  312 
Wheatotone  bridge,  207 

„  Conditions  for  aooorato  measurements  by,  214 

„  Conductor  resistonce  by,  256,  261 

„  Insulation,  „  260 

y.  Measurement  by,  when  exact  equilibrium  cannot  be  obtained, 

230 
^  „  Carey  Foster^s  method,  252 

^  „  of  wires  traversed  by  earth  currents,  261, 

264,  266 
Method  of  connecting  up,  210 
Slide  wire  or  metre,  2:^6 
Thomson's,  254 
„  used  by  Postal  Telegraph  Department,  14 

^  Varley*8  slide  resistance,  231 

Wheatstoue's  method  of  measuring  electromotive  force,  174 
Wiedemann's  n  »  tt  168 

Willoughby  Smith's  system  of  testing  cables  during  laying,  448 
Wires,  Copper,  Specific  Conductiyity  of,  457 

„  Temperature  corrections  for,  466,  472,  475 

„     Individual  resistance  of  three,  256 
„  „  „  two,  by  loop  test,  303 

„     Joint  resistance  of,  90 

Zbbo,  Fabie,  266,  300 
„     Inferred,  73,  402 
,,     Skew,  of  tangent  galvanometer,  30 
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